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Chapter 1

Introduction.

This thesis is based on the work within the UA1 Collaboration! in the ’heavy flavour group’
carried out at the European Laboratory for Particle Physics (CERN) in Geneva and at the
National Institute for Nuclear and High Energy Physics (NIKHEF) in Amsterdam.

A Collider experiment at CERN was originally proposed by Rubbia, McIntyre and Cline [1]
to establish experimentally the mediators of the weak force — the W and Z vector bosons.
These bosons with masses around 90 GeV/c? were predicted by the theory which gives a unified
description of the electromagnetic and weak interactions between elementary particles [2]. For
the development of this theory Glashow, Weinberg and Salam were awarded the Nobel prize in
physics in 1979. '

To produce the W and Z particles the proton Synchrotron at CERN (SPS) had to be con-
verted into a Collider of counter-rotating beams of protons and antiprotons. The antiproton
beam had to be prepared with the technique of stochastic cooling developed by van der Meer [3].
The collisions would have 540 GeV of center of mass energy; since each quark in a proton or
an antiproton carries about 1/6 of the proton momentum (gluons carry 1/2 of the proton mo-
mentum), the vector bosons could be created in these collisions. The largest of the Collider
experiments — the UA1l experiment, headed by Rubbia, proposed a detector with almost 4r
solid angle coverage in 1978 [4]. The first W particles were captured in 1982, the Z boson was
captured in 1983 [5]. For this pioneering work Rubbia and van der Meer were awarded the Nobel
prize in physics in 1984. _

The success of the unified electroweak interaction inspired the development of Quantum
Chromodynamics, a theory describing strong interactions between elementary particles [6]. Ac-
cording to this theory elementary interactions between the quarks in the proton-antiproton col-
lisions should among other produce heavy quarks — the charm, bottom and top quarks. Since
the top quark is supposed to be quite heavy it has not been directly produced yet [7]. On the
other hand the bottom and the charm quarks are abundantly produced in the proton-antiproton
collisions at the CERN Collider. The measurement of the properties of the heavy quarks leads
to a better understanding of the strong interactions and supports the unified description of the
electroweak and the strong interactions in the ’Standard Model’.

Heavy quarks are produced in jets. Jets appear to the observer as a collimated stream of
particles. It is extremely difficult to distinguish the type of quark or gluon, which has produced
the jet. In the UA1 experiment the jets produced by heavy quarks (bottom and charm quarks)

!The UA1 Collaboration consists (in 1987) of institutes in Aachen, Amsterdam (NIKHEF), Annecy (LAPP),
Birmingham, CERN, Harvard, Helsinki, Kiel, London (Imperial College and Queen Mary College), Madrid
(CIEMAT), MIT, Padua, Paris (College de France), Riverside, Rome, Rutherford (Appleton Laboratory), Saclay
(CEN), Victoria, Vienna, Wisconsin.



were selected by the measurement of a high energetic muon in that jet; this muon is assumed to
come from a weak decay of heavy quarks in the jet [8].

The method of the heavy quark investigation is qualitatively different from the method used
for the measurement of the W and Z bosons. For the W and the Z discovery the invariant mass
of the decay products from the W* — e*v or Z — ete~ decays were measured and it provides
a direct evidence for the production of these particles. The same method can be applied for
a subsample of events containing bound states of charm and bottom quarks in the J/4 and
YT particles, which can decay into opposite charged lepton pair (hidden flavour) [8]. On the
other hand in a large majority of the events the heavy quarks (open flavour) are established
by comparing quantities as muon isolation, relative transverse momentum of the muon in the
jet, etc. to the corresponding values calculated by a Monte Carlo program assuming a heavy
quark production. In the latter case we may speak of circumstantial evidence for heavy quark
production. This is also true for the measurement of the bottom quark production in the so
called J/v events (via the process B — J/¥ + X) [9]. The investigation of the heavy quark
production is possible by carefully tuning the Monte Carlo program to model the ’Standard
Model’ and the detector response to the muon coming from the interaction region [10].

The muon is selected in the jet study, because it can be easily identified in the UA1 detector.
Electrons can not be identified in jets with the present UA1l detector and therefore can not
be used to tag a bottom or charm decay. Other particles, that can be identified in the UA1l
detector are the neutral kaons and lambdas. These particles are recognized by the observer
from their typical V° decay pattern that they can leave in the detector. The algorithm for V°
reconstruction in the UA1 detector has been initially formulated by Karimaki [11]. Although
lambdas can also be identified in the UA1 detector the same way kaons are identified. lambdas
are produced less abundantly than kaons. Therefore we focused our research on kaons in the
first place.

There are several points of interest. Heavy quarks can produce neutral kaons in their decay,
because the favored decay mode of, for instance, a bottom quark is b — ¢ — s and the s quark
can form a K© meson. The kinematical properties of these kaons can be studied with the aim to
use them as a tag of heavy quark production. The selection of events with a neutral kaon in the
J/v data sample might allow a direct measurement of the bottom quark production from the
B — J/¢ + K° decay. Another possible investigation consists of the reconstruction of a K**
from its decay into K%r%; even more particles could be taken together, up to the B meson.

The latter possibility proved to be very difficult. The first results of the reconstruction of
the B — J/v¢ + K° decay were very promising, but more J/ events are needed for a conclusive
measurement [12]. More events are expected when the upgrade program of the CERN Collider
(ACOL) is carried out (1988).

In this thesis we investigate the possibility of using the K© particles for jet identification, like
it is done presently with muons. For this work we used a data sample with one reconstructed
muon (called single muon data), because it has been shown to contain a substantial amount of
heavy quark jets [10] and because of the high number of events in this sample (= 20000 events).
Since neutral kaons can be identified in jets, they could possibly be used to study the properties
of heavy quarks without relying on the muon information.

This thesis is organized as follows. We review briefly the 'Standard Model’ in chapter 2. A
brief discussion of the UA1 detector is the subject of chapter 3. The K reconstruction in jets
and the reconstruction efficiency are considered in chapters 4, 5. The efficiency determination
is used to calculate the cross section of K2 production in the single muon data sample, see
chapter 6. Chapter 7 is devoted to the discussion of the use of the neutral kaon for heavy quark
tagging. Finally, chapter 8 contains the summary and conclusions.



Chapter 2

Theory of the pp collisions.

2.1 Introduction.

The Standard Model has been extremely successful in its description of interactions between
elementary particles at least at energies below the masses of the W and Z bosons. The Standard
Model is the theory of the strong, the electromagnetic and the weak interactions. The elec-
tromagnetic and weak interactions have been unified and the resultant electroweak interaction
is described by the Weinberg-Salam-Glashow model [2]. The theory of strong interactions is
described by Quantum Chromodynamics (QCD) [6]. Both, the electroweak and the QCD are
combined in the Standard Model.

2.2 Theory of Quantum Chromodynamics.

2.2.1 Introduction.

QCD is a renormalizable langrangian quantum field theory of the strong interactions. Its funda-
mental constituents are spin 1/2 fermions called quarks which carry color charge and fractional
electric charge and non-abelian spin 1 gauge fields called gluons which interact with the quarks
as well as among themselves [6)].

There ar: 6 quark flavours (ny) in QCD arranged in 3 families, as shown in table 2.1.
Technically, a family is a doublet of the weak isospin eigenstates. All quarks, except the top
quark have been established experimentally. Since the top quark is supposed to be quite heavy
(m > 44GeV/c? [7]) only a lower limit on top production has been measured so far. There is
an indirect evidence for its existence, however, based on the success of other predictions of the
Standard model [13] [14].

Table 2.1: Some quark properties.

charge /family I 1 111
+2 up (u) | charm (c) top (t)
-1 down (d) | strange (s) | bottom (b)

The division of leptons and quarks in families is important, since due to lepton number
conservation lepton families do not mix among themselves. Family mixing occurs in the weak
decays of quarks; the relative strengths are given by the Kobayashi-Maskawa matrix (Uxar) [15].



2.2.2 The Quark-Parton Model.

All hadrons consist of quarks and gluons (jointly called partons) in the Parton Model based
on QCD. In the Parton Model the charged partons are the quarks and the neutral ones are
the gluons [16]. Quarks are called valence quarks, if they build up the quantum numbers of a
hadron. Mesons contain a quark-antiquark pair as valence quarks and baryons contain three
valence quarks, held together by the strong force mediated by the gluons. For the description of
the strong interaction between the quarks and the gluons in the parton model, it is important
to include the contribution from the virtual quarks and gluons excited from the vacuum. The
quarks excited from the vacuum are called sea quarks. The momentum of a hadron is a sum
of momenta of its constituents (valence and sea quarks and gluons). The parton momentum
is described in the framework of the Parton Model by the parton distribution functions f;(z;),
where parton (i) carries fraction (z;) of the hadron momentum. In first approximation in QCD
the parton distributior function depends only on a dimensionless variable x, which is the fraction
of total hadron momentum carried by the parton (scaling). The parton distribution functions
have been measured in ep and vp collision experiments.

Qualitatively, the valence quark distributions (in the proton) peak at = =~ 0.2 and fall to zero
for z — 0; the gluon distribution functions peak at £ — 0, because of a high probability of soft
gluon emission from quarks and gluons predicted by QCD. The distributions of the sea quarks
also peaks at £ — 0. In summary, about half of the hadron momentum is carried by the quarks
and another half by the gluons.

The analysis of deep inelastic ep scattering has shown, that the parton distribution functions
in the proton depend logarithmically on the momentum transfer Q2 = —(p§, — p¢,;)? (scaling
violation) [17]. The quantitative dependence of the parton distribution functions on Q2 has been
calculated by Altarelli and Parisi [18]). Qualitatively, the contribution from the virtual quark or
gluon splitting to the parton distribution function increases with growing Q2. The main effect of
these virtual corrections is the softening of the valence and the sea distribution functions (they
peak at smaller x) with growing Q2.

We point out, that the parton distribution functions also contain a contribution from heavy
quarks. This is especially important for higher @2, since due to the scaling violation the inter-
action with the virtual heavy quark pair increases. Several parametrizations of the structure
functions exist, we have used Solution 1 of Eichten et al. [19] in the ISAJET Monte Carlo
program (see section 2.3.1). '

2.2.3 Parton confinement.

As measured in deep inelastic scattering experiments, the QCD coupling constant (a;) varies

as function of the momentum transfer squared Q2 of the scattered particle. This dependence is

calculated in QCD [17]:
127

% T Boem)n(%)

Equation 2.1 shows the basic property of QCD (n; = 6): at high Q2 (i.e. small interaction
distances) the coupling strength of QCD becomes weak.

Therefore at large Q2/A%, when a, becomes small a hadron can be treated as if it was
kinematically composed of free partons with a specified momentum distribution. On the other
hand at small momentum transfer of the scattered particle and consequently at large a,, the
quarks appear to be strongly bound inside the hadrons. A large value of the strong coupling
constant for undisturbed partons in a hadron is believed to cause the so called confinement
of quarks and gluons. In equation 2.1 A is the confinement scale. It gives a measure of the

(2.1)
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deviation from free-field behavior. Currently, A ~ 0.2GeV (a range of 0.2 to 0.4 GeV is used
in the calculations), therefore the QCD perturbation theory is said to be applicable above
Q? > 10GeV? (a, < 0.3 with ny = 6) [20]. However, there is some uncertainty in the choice
of the Q? calculation when used for the treatment of pp collisions. Several Q? definitions are
in use. For instance the ISAJET Monte Carlo program uses Q2 = 2stu/(s? + t? + u?), where
s,t,u are the Mandelstam variables of the parton-parton scattering process [21] (see also [23]),
whereas the Eurojet Monte Carlo program uses Q2 = p? + m}, referring to the outgoing quark
Q [22].

Coming back to the confinement we remark, that free quarks are not observable for the
following reason. Quarks in a hadron can be considered to scatter among themselves; the
momentum transfer Q2 is inversely proportional to the distance between the quarks. Thus,
when two quarks are separated the coupling constant grows with the distance between the
quarks as given by equation 2.1. Therefore when two quarks are separated their interaction
potential grows, until the corresponding energy is sufficient to create a quark-antiquark pair and
we have a system of two mesons. This process is known as the process of quark hadronization.

2.2.4 Fragmentation of quarks and gluons in jets.

The main property of the high energy inelastic pp scattering is the creation of jets. Jets are
highly collimated streams of particles with small transverse momentum relative to the jet axis
(pt < pjj)- According to the Parton Model jets are created in the process of fragmentation of a
quark or a gluon after their interaction. Fragmentation is a process of repeated hadronization.
Energy is transferred during the interaction to partons in the hadron. An outgoing quark takes
an antiquark from the sea of the gg-pairs and becomes a hadron; the remaining quark repeats
this process until all energy, that has been transferred during the interaction is dissipated. At
the end a jet of particles is created close to the initial quark direction.

In the fragmentation model of Field and Feynman [23] it is assumed, that each quark frag-
ments independent of the others and the fragmentation process is independent of the production
process. However, there is a problem with the last quark, which has not enough energy to excite
a new gg-pair from the sea. In the ISAJET Monte Carlo program this quark is discarded [21]
and the conservation of color quantum number is violated. In the Eurojet Monte Carlo the last
quark is coupled to the remaining quarks from other fragmentations to achieve the conservation
of color quantum number [22]. If the last, low momentum quark is discarded like in ISAJET
program, the color compensation has to be assumed.

According to the so called ’soft color-screening’ hypothesis mutual color compensation for
partons produced in a hard process is not associated with significant redistribution of energy
and momentum among the jets [16]. On the contrary, fast particles in a jet ’remember’ the
quantum numbers of the parton that has created the particles [23]. At the Collider energies
however, large particle multiplicities make it very difficult to disentangle the original flavour. A
very important tool of jet identification used in the present experiment is the semileptonic decay
of the jet particles, see section 2.2.5. Jets from heavy quarks for instance, can be statistically
identified if they contain a lepton from the heavy quark decay, by selecting events with certain
kinematical parameters of the leptons.

The main characteristic of the fragmentation process is the ratio (z), defined as z = (E +
p)r/(E + pi)q, where p; is the longitudinal momentum of the created hadron (h) or the lon-
gitudinal momentum of the quark (q) (with respect to the quark direction). The transverse
momentum of the hadron with respect to the quark direction is connected to the brownian mo-
tion of the partons in the hadron and has a distribution with a width of typically p; < 0.3GeV.
The probability to create a hadron (h) with a given z from quark (i) is described by the frag-



mentation function D!(z). For the light quarks (q) u,d,s or a gluon the fragmentation function
can be written as
Diz) =1-a+a(d+ 1)1 - 2) (2:2)

with adjustable parameters a,b. Peterson et al. proposed the following form of the fragmentation
function for the heavy quarks c,b,t (Q) [24]:

N

Dh(z) = (23)

with eg & (mq,/mg)?, where m, is the mass of the light quark (q) taken by the heavy quark
(Q). N follows from the requirement 3, [ dzDZ(z) = 1 for all hadrons (h) created in the
fragmentation of the heavy quark Q. The dependence of the parameter €¢g on the heavy quark
mass mg has an important consequence: the fragmentation function of heavy quark will produce
harder mesons, compared to the momentum of mesons created in a light quark fragmentation
process at the same energy. For instance the B-meson will get on average as much as 80% of
the initial b-quark momentum. Another consequence is the shorter fragmentation chain of the
heavy quarks, compared to the light quarks, since the hadrons from the heavy quarks obtain

more energy.

2.2.5 Weak decays of the heavy quarks.

As a quark fragments into hadrons large number of resonances are created which decay into
stable (quasistable) particles with = and 4 emission (strong and electromagnetic interactions).
These decays occur between the members of the same family. When strong or electromagnetic
decays are not possible, the decay proceeds via the weak interaction and quark families are
mixed.

Special interest of the present study is devoted to the fragmentation products of the b and
c quarks. A b-quark can take a light quark from the sea to become a B meson, which decays
weakly via a semileptonic or a hadronic channel (the B¥ life time is about 10712 sec [25)).
The relative probabilities of the flavour changing transitions in weak decays are given by the
Kobayashi-Maskawa matrix Uxp [15]. Experimental evidence for Uk ps is such, that the mixing
between quark families becomes weaker with growing family number and in addition with the
distance between the families. Therefore cascade decays (like & — ¢ — s) are more probable
than direct transitions (i.e. b — s).

Of special importance for the present experiment are the semileptonic heavy quark decays
into a muon and a muon neutrino (branching ratio is about 12% for the B* meson and 18% for
the D* meson [25]). Muons in jets can be identified with the UA1 detector (see chapter 3) and
used as a signature for a heavy quark production.

Note the appearance of the s-quark at the end of the decay chain (b — ¢ — s or ¢ — 8). This
s-quark can create a K2 in some fraction of the events, which can be reconstructed in the UA1
detector (see chapter 3). In the present study we investigate the possibility to obtain additional
evidence for the heavy flavour production at the CERN Collider by an appropriate K3 selection
(see chapter 5).

2.3 Summary of hadron production.

To calculate the hadron scattering cross section we assume the validity of the factorization
scheme, in which the scattering cross section is described by the convolution of the elementary
scattering of the constituents with their structure functions. Then, for the description of the



production processes of hadrons we have to know four quantities, which are functions of several
variables.

— First, the differential cross section of the elementary subprocess (dé) must be calculated.
These are the processes of quark-quark, quark-gluon, etc. collisions. Since the colliding
objects have no structure (they are pointlike) and occur at large Q@? (at the SppS), the
cross sections can be calculated in the QCD perturbation theory. The largest contribution
to the invariant matrix element (A) in a first order QCD calculation is given by the
scattering process gg — gg (J]A(8cam)|? = 30.4 in relative units for massless partons and
polar angle fcp = § [20]), followed by the process gg — qg (JA(%)|?> = 6.11) and ¢q — q¢
(IA(3) = 3.26).

— Second, the parton structure functions f;(z,Q?) must be known. The structure functions
are assumed to depend mainly on the fraction (x) of the parton momentum, the dependence
on the momentum transfer Q2 being due to the QCD corrections to the first order (Born)
approximation for the elementary subprocess (Altarelli- Parisi equations, see section 2.2.2).

The combination of these two points gives the inclusive cross section for the scattering of proton
(a) and (anti)proton (b) to hadron (c) and anything (X) [20]:

1

do(a+b—c+ X) = 21+6'-
ij

i

[ dzadas [ 120, @) (@5,Q7) +
£ (20, @) (25,Q*) ] d6(i +j — ¢+ X)

where f,-(a)(a:a, Q?) is the probability that proton (a) contains parton (i) which carries a fraction
z, of the proton’s momentum; dé is the cross section of the subprocess as before.

— Third, a fragmentation model has to be applied. Each quark coming from the interaction
region has to be converted to one or more colorless objects, according to the confine-
ment hypothesis. We use the Field and Feynman fragmentation model, where each quark
fragments independently from all other quarks (see section 2.2.4).

- Fourth, unstable particles have to decay into stable ones to be analyzed at the detector
level. The decay can proceed also via the electroweak interaction.

For the explicit calculation of the cross sections and the spectra of the outgoing particles we
used the ISAJET Monte Carlo program [21] (version 5.23) and (to a lesser extend) the Eurojet
Monte Carlo program [22]. The Monte Carlo program calculates the matrix elements for the
subprocesses, integrates over the fragmentation functions and includes branching ratios and the
decay kinematics.

2.3.1 ISAJET Monte Carlo program.

Heavy quarks (Q) are produced in the QCD processes of flavour creation (1), flavour excitation
(2) and final state gluon splitting (3), each accounting for about 1/3 of the calculated cross
section of the heavy quark production:

(1) 99— QQ ¢7— QQ
(2) ¢Q —qQ 9Q — 9Q
(3) 9—-QQ



Hard scattering cross sections for these subprocesses are calculated using QCD matrix elements
of lowest order in a, (eq. 2.1). In the heavy flavour excitation mechanism a heavy quark from
the sea undergoes a hard scattering with a light quark or a gluon from the other incident hadron.
As mentioned in section 2.2.2 the Eichten et al. structure functions (solution 1) have been used.
Higher order matrix elements are not included directly in ISAJET, but they are approximated
by the basic QCD branching processes ¢ — ¢qg, ¢ — gg and g — ¢§ applied to the partons of the
hard scattering (shower approximation). The collinear singularities of the radiation processes
are absorbed by the structure functions. They are handled by introducing a cut off in the
momentum transfer at 6 GeV/c [21]. Thus, heavy quark production in gluon splitting occurs for
gluon momenta above 6 GeV/c; below that energy the gluon is hadronized.

The independent fragmentation model of Field and Feynman has been used (see section 2.2.4)
with a cut off at 6 GeV on the parton shower evolution. In ISAJET a gluon is fragmented as if
it were a light quark or an antiquark, except that gluons radiate more in the evolution process.
Heavy quarks are fragmented with the Peterson et al. function (see section 2.2.4) into a leading
heavy flavour hadron in the proportions Q4 : Qd : Q3 : Qqq = 38.7% : 38.7% : 12.6% : 10%.
The ratio of spin 1 to spin 0 (spin 3/2 to spin 1/2 for baryons) is assumed to be ~ 3 [10].

The remaining spectator quarks from the proton and the antiproton are fragmented to re-
produce the observable particle distributions. The global multiplicity distribution was adjusted
so that it reproduces the height of the rapidity plateau in high E; jet events far away from the
jet axes [10]. The average transverse momentum of primary mesons is adjusted using the same
jet data and fixed at < p; >= 0.45GeV/ec.

Relative contributions of the three processes to the bb cross section at the CERN Collider
are shown in fig. 2.1 taken from ref. [26]. Although the three processes contribute about equally
to the total cross section, they result in topologically distinct jet configurations. In the process
of flavour creation the two heavy quarks are produced back to back in their CM system. In
the laboratory system they might be boosted in the direction of the beam, but retain maximal
separation in the azimuthal angle. The flavour excitation mechanism leads to a configuration
where one high p; heavy quark is produced at large angle and is balanced in momentum by
a light quark or a gluon. The other heavy quark tends to be produced more in the forward
direction (large rapidity). Gluon splitting produces a QQ-pair which tends to have a small
opening angle. Fig. 2.2 taken from ref [10] shows the difference in the azimuthal angle between
the two muons, coming from a semileptonic heavy quark decay for each of the three processes.

The total cross section for bb pair production has been calculated using the single muon cross
section o(pp — p + X) with a kinematical cut off 10 < p,(u) < 15GeV/c and |n(u)| < 1.5 [26].
The average semileptonic branching ratio of a B-meson of 12% has been used. The integration
of the cross sections to p;(b) = 0 and for all rapidities using QCD calculations of Nason et al.
gives o(pp — bb + X) = 10.2 £ 3.3ub [26]. The error is a propagation of the experimental errors,
assuming no further error from the uncertainty in the shape of the theoretical distributions used
for the extrapolation. The experimental errors include the statistical error on the sample, the
errors due to the subtraction of background of muons not coming from the bb decays and the
errors on integrated luminosity and muon acceptance. The measurement of the muon spectrum
is treated in chapter 5.
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Figure 2.1: The inclusive differential bottom Figure 2.2: The azimuthal angle difference
cross section as estimated by the ISAJET Monte between two muons in jets coming from the
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Chapter 3

Description of the UA1 experiment.

3.1 SppS.

Data analyzed in this thesis was taken at the CERN SppS, the proton - antiproton collider at
the CM energy of \/s = 630 GeV. The performance of the accelerator is described by a machine
parameter called luminosity (L) [27]:

_n-f-N(p)-N(p)
L = " (3.1)

Here N(p) and N(p) are the number of protons and the number of antiprotons per bunch respec-
tively; n is the number of bunches; A is the effective area of overlap of the proton /antiproton
bunches at the interaction point; f is the revolution frequency. Luminosities in the order of
0.5 ub~1s~! have been achieved in the SppS in the year 1986.

The number of events (N) is calculated from the integrated luminosity and the cross section
(o) for the process which produces the events:

N =0 x / Ldt (3.2)

Single muon data used for the analysis for this thesis were collected during the years 1985, 1986
of the collider run. The total integrated luminosity is 556 nb~1. The integrated luminosity has
been measured with an accuracy of 15%.

3.2 The Detector.

The detector has been built around a beam intersection point known as the Underground Area
1 (UA1). It has a solid angle coverage of nearly 47 (holes less than 0.2° for the beam pipes).
It consists of a multiwire drift chamber in a uniform magnetic field (Central Detector, CD),
electromagnetic and hadronic calorimeters and drift chambers for muon detection (muon cham-
bers) [4]. The geometrical structure of the detector is shown in figure 3.1. The UA1 detector
can measure electrons, muons, hadrons and photons; neutrinos are measured by the energy
imbalance transverse to the beam.

At 0.2ub7"s™! the rate of proton-antiproton collisions is approximately 6.2 kH > Clearly, at
this rate most of the initial data stream contains events not interesting for the physics analysis
in the UA1 experiment (and also beam gas interactions, etc.). The data rate has to be reduced
to < 3 Hz for the recording on a magnetic tape. Interesting events are selected on line by the
trigger electronics. There are two levels of triggering.

10
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Figure 3.1: The UAI detector with the two halves separated, showing the Central Detector,
electromagnetic calorimeters (Gondolas and Bouchons), hadron calorimeters (C’s and I's) and
the muon chambers.

The first level trigger consists of a pre-trigger, separate triggers for the muon chambers and
the calorimeter, and the final decision system, which combines this information [28]. The data
rate is reduced to about 10 Hz (at 0.2 ub~1s™!) after the application of the first level trigger.
The second level trigger does a partial event reconstruction, combining the information given
by different detector parts. About 60% of the events are rejected at this level, so that the data
rate is reduced to < 5 Hz for the recording to the magnetic tape [29]).

We want to describe the function of the pre-trigger. It is based on four planes of scintillator
hodoscopes symmetrically placed on the two ends of the UA1 detector, covering the angular
range around the beam pipe from 0.6° to 25°. The pre-trigger condition is satisfied when at
least two pairs of hodoscopes have fired at both ends of the detector in a tight coincidence
with a bunch crossing. On special occasions, data taking is initiated with at least the pre-
trigger condition satisfied (other trigger signals are ignored). These data mainly contain events
of the non-single diffractive pp interactions, called minimum bias events. The efficiency of the
pre-trigger for the non-single diffractive events is 96 + 2% [30].

About 40% of the events written to tape passed the muon trigger. For the events with the
muon chamber hits, the first level trigger takes the hit-pattern and rejects the event if the pattern
does not match a pre—calculated pattern stored in a lookup table. In the second level trigger,
employed for the events with a single muon, the timing information from the muon chambers
is also used (MUTIME algorithm [29]). The second level trigger is about 90% efficient for the
events with pi(p) > 6 GeV/c and nearly 100% efficient for events with a muon p;(¢) > 8 GeV/e.
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3.3  Event reconstruction in the Central Detector.

The Central Detector (CD) is a cylindrical multiwire drift chamber of 5.8 m in length and 2.3m
in diameter, made of eight independent chambers. The CD covers the polar angles from 5° to
175° with respect to the beam direction. It is located in a dipole magnet generating a uniform
field of 0.77. The direction of this field is horizontal and perpendicular to the beams. All
wires in the chambers are strung along the magnetic field direction, as indicated in fig. 3.2. The
distance between the sense wires is 1 cm.

forward chamber

Q

Figure 3.2: The UA1 Central Detector, showing the geometrical structures of siz chambers and
the wires. Two small chambers between the central chamber and the beam pipe are not shown.

The passage of a charged particle ionizes the chamber gas, creating free electrons which drift
in a uniform electric field toward the sense wires. In the proximity of the sense wires the field
is not uniform any more and the drift time of the electrons depends on the angle of sense wire
approach. Corrections are applied for the track reconstruction to compensate for this effect.
The charge collected on a sense wire produces a pulse which is measured and read out on both
ends of the wire [4]. The measured drift time appears to be also a function of the pulse size,
because smaller pulses rise more slowly than large pulses in the read out electronics. The so
called time-slewing corrections of the form 6t = —const/E, where E is the pulse size (ionization)
of the hits are applied to compensate for this effect.

The recorded information consists of

- the drift time measurement combined with the known wire position. The precision of this
measurement is about 0.25 mm.



— the position along the wire, calculated from the difference in the pulse height on both ends
of the wire. This so called charge division measurement is accurate to about 4cm (= 1.7%
of the wire length).

— the energy loss dE/dz of the particle is measured by the sum of the pulse heights on both
ends of the wire. This information is not used for the analysis described in this thesis,
because the energy loss is not sensitive to particles with high momentum, as required in
the present work.

For each event, the recorded digitizings have to be reduced to particle trajectories. The param-
eters of these trajectories should be obtained at the interaction point. The interaction point is
the position of the pp interaction at the beam crossing. Since the beam bunch has extended
dimensions, this position is not known beforehand. Only the transverse beam position is well
determined at fixed beam momenta (within 100 um, the beam dimensions in the y and the
z-directions), while the interaction region is several centimeter long.

The particle trajectory in the CD is parametrized by a helix curve. In the drift plane (the
xy-plane perpendicular to the magnetic field direction) the projection of this helix is a circle
with a radius of curvature R, (in meters) given by

D - COSA
0.2998 - B

where p is the momentum of the particle in GeV/c, X is the angle of particle trajectory with
respect to the xy-plane, B is the magnetic field strength in Tesla. Under the normal operating
conditions B=0.7 T. The helix coordinate along the field is represented by a straight line in the
coordinates (s,z):

Rzy = (3.3)

z =¢85+ c2 (3.4)

where s is the track length in the xy-projection and z is the coordinate along the field; ¢; and
c, are constants.

Event reconstruction in the CD proceeds in two stages, the so called ’track finding’ and ’track
fitting’ [31]. Track finding is done by identifying track segments (three to eight unused points
lying on a line) and by combining the track segments to a single track of constant curvature.
This global track construction gives first two groups of track candidates corresponding to the
bottom and top chambers of the CD. The track candidates from these two groups are combined
to a single track, when possible. Track fitting is done by a least squares fit in projections, a
circle in the xy-plane and a line in the sz-plane, as described above [32].

The position of the interaction vertex is determined from the extrapolations of the tracks
to the beam line in the xy-plane [33]. The crossing or nearest point to the beam is entered
into a histogram. The biggest cluster is selected as the position of the primary interaction
point (primary vertex). The accuracy of the vertex position depends on the number of tracks
in an event, it is typically in the order of 2mm in the x-direction. Figure 3.3 shows the error
distribution of the vertex position in the x-direction for the minimum bias events and the single
muon events. The track density in single muon events is typically a factor 2 to 3 higher than the
track density in minimum bias events. Therefore the position of the primary interaction point
can be estimated with a higher precision. Vertices other than beam-beam interactions are found
with the same method, if they are near to the beam line. .

A special search is done for vertices caused by a decay of a neutral particle, resulting into
two charged particles leaving a typical V© - track pattern. The reconstruction of the decays of
neutral kaons and lambdas, leaving a V° - track pattern is the main subject of this thesis. The
method used for the VO search will be discussed in detail in chapter 4.
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Figure 3.3: Distribution of the estimated error in the vertex position in z-coordinate for the
minimum bias and single muon events.

The track association to the vertices takes into account the nearest distance of the track to
the vertex point in the statistical sense. So, tracks which extrapolate to within +3 standard de-
viations of the fitted vertex position are defined to be ’associated to the vertex’. The trajectories
of these tracks are then refit, using the vertex as an additional point in the fit.

3.4 Jet reconstruction.

The physics of jet phenomena has been described in chapter 2 of this thesis. In general, a jet
consist of a group of high energy particles which are spatially near to one another. Jets can be
readily recognized in a reconstruction of charged particle trajectories and energy depositions in
the detector.

In the CD the jet reconstruction is based on the spatial distance (AR) between the neigh-

boring tracks:
AR = \[A¢? + An? (3.5)

where A¢ is the difference in the azimuthal angle between two tracks and A7 is the difference
in their pseudorapidity. The pseudorapidity is calculated from

n = —ln(tang) (3.6)

where 8 is the polar angle around the beam direction. The pseudorapidity is close to rapidity
for small particle mass or at high particle energy.

The jet reconstruction proceeds as follows. First, all tracks in the CD with the transverse
momentum larger than the threshold of 1 GeV/c are marked. These tracks are called the ini-
tiators and they are marked in an order that decreases with p;. All initiators within a certain
AR cone (typically AR < 1) are added up vectorially to obtain a jet axis, initiators outside this
cone are used to define another jet. Then, all other tracks within the same AR cone around
the jet axis and with p; above 0.1 GeV/c are added scalarly to obtain the total jet transverse
momentum.

This algorithm has been modified slightly for the present analysis by including the recon-
structed neutral kaons. This, and some other modifications will be discussed in chapter 5.
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Apart from the reconstructed VO’s, neutral particles cannot be measured in the CD and
therefore the jet definition with CD-tracks only will in general be distorted. A very important
exception are jets with a high momentum muon, where the muon defines primarily the jet axis
and transverse momentum left over to escape with neutral particles is low. For the analysis
of jets without a muon we used the measurement of the energy deposition in the calorimeters,
instead of the tracks in the CD.

An energy deposition in a calorimeter cell is assigned a vector, called a pseudotrack, that
points from the interaction vertex to the cell. This vector has a magnitude of the energy
deposition. Jet finding with pseudotracks proceeds the same way as for the tracks in the CD,
described above. We have used the threshold of 2.5 GeV for the initiators and the threshold of
1GeV for the other pseudotracks. The jet cone size is AR = 1.

The choice of AR = 1 for the calorimeter jets is apparent from the calorimeter granularity,
see table 3.1. The cell size of the hadronic calorimeter (the so called C’s and I's) is about
AR =~ 0.5. Therefore the requirement of the cone size of AR < 1 demands a separation of at
least one calorimeter cell between the jets.

Table 3.1: Main parameters of the calorimeters. For the definition of the calorimeter elements
see fig. 3.1. Here Xy is the radiation length (~ 180 A/Z? gem™2) and X is the nuclear interaction
length (see e.g. [34]). The energy (E) is expressed in GeV.

Gondolas Bouchons C’s | I’s

Plate thickness 1.2mmlead | 4mmlead | 5em iron | 5em iron
Scintillator thickness 1.5mm 6mm lem lem
Cell size (An x A¢) 0.1 x 180° | 1.5 x 11° | 0.3 x 15° | 0.4 x 15°
Number of cells 48 64 232 128
Thickness at normal 26.4 Xo 26.7 Xo

incidence 1.1 1.2 50X 7.1
Number of depths samplings 4 4 2 2
Energy resolution o(E)/E % | 0.25/VE | 0.20/vE | 0.80/VE | 0.80/VE

All calorimeter jets have been validated with a CD track or a kaon, both with p¢ > 0.5GeV/c
and within a cone around the calorimeter jet of AR < 0.4. This choice of AR is also related to
the cell size; detector simulation studies have shown that for a jet energy above 10 GeV about
85% of the validated calorimeter jets correspond to one quark fragmentation.

In real events, the CD or the calorimeter jets obtained with the algorithm described above
will contain in general a contribution from other jets or from the underlying event. Some of the
calorimeter jet energy is lost outside the AR = 1 cone. Monte Carlo studies have shown [37],
that for jets with transverse energies below 10GeV the energy dependence on the underlying
event is very large and depends on the center of mass energy. For higher jet E; the energy
uncertainty is dominated by energy escaping the AR = 1 cone of the jet finding algorithm.
The transverse energy resolution (o(E;)/E;) for jets above 10 GeV is about 25%, approximately
independent of jet energy. We have not attempted to correct the jets for the energy escaping
the AR = 1 cone, or for the underlying event subtraction. Jet energy quoted in this thesis is
the uncorrected value from the jet algorithm.



3.5 Muon identification and reconstruction.

The main signature of a muon production is a track in the muon chambers. The muon chambers
are the outermost part of the detector. To reach them, a particle has to penetrate the calorime-
ters and extra iron shielding, adding up to a total of at least 9 interaction lengths. Muons loose
only about 2.5 GeV in passing through this material, but non-interacting hadrons are suppressed
by e~® =~ 10™4.

The muon chambers are covering the range of 10° to 170° around the beam pipe. For
the single muon data some of the muon chamber regions were vetoed for the first level trigger
operation. This was done to avoid overflow of the system at high particle luminosities. The
muon trigger has good efficiency up to the pseudo rapidity of |p| < 1.5.

There are two rows of muon chambers, except for the bottom region where, because of lack
of space, there is only one row of muon detectors. Otherwise, the distance between the two rows
is 60 cm. This arrangement of the muon chambers allows to obtain positional and directional
information of the particle passage, see fig 3.4.
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Figure 3.4: Muon detector arrangement, showing the configuration at the passage of a particle.

The muon is identified by linking the information recorded from the muon chambers to the
rest of the event reconstructed in the CD. All Central Detector tracks are extrapolated through
the calorimeters, taking into account the bending in the magnetic field, the energy loss and
multiple scattering of a muon candidate. If the track has enough momentum it will traverse
the calorimeter and the absorber and will reach the muon chambers, where it is tned to find a
matching muon chamber track.

A matching is described by a x? variable, calculated from the differences between the position
and the angle of the muon chamber track and the extrapolated CD track. It has four degrees
of freedom (NDF') (two positions for the two chambers, angle in the xy-plane and angle out of
this plane). A match is accepted, if x? < 15. In this way the background from misassociation is
small, compared to the direct decay background.

It should be mentioned, that the matching-x? described above does not correspond to a sta-
tistical x2 distribution, because there are number of systematical errors entering the calculation.
Therefore the cuts like x2 < 15 have to be determined experimentally, without any relation to
the statistical probability distribution.

The dominant background contribution comes from the IK'/r* decays in flight. In the CD-
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volume pions decay with a probability 0.023/p; and kaons with a probability 0.11/p;. These
rates of hadron decays are calculated by using a Monte Carlo program and convoluted with the
measured inclusive hadron spectrum to obtain the decay muon spectrum.

3.6 Single muon events selection.

The single muon event sample used in the present analysis has been obtained by inclusive
selection of events with a muon of p;(u) > 6 GeV/c. Several technical cuts have been applied to
ensure a high quality muon sample. In detail, these quality cuts are:

— CD track fit in bending plane, x? should be < 3 per degree of freedom.

— CD track fit out of bending plane, x? should be < 9 per degree of freedom.

— Number of points on CD track should be > 20.

— Length of CD track in bending plane should be > 40 cm.

— Averaged position and angle matching of the CD to muon, x2 should be < 15 (NDF=4).

- Kaon decays in the CD were rejected by testing for changing curvature in the tracks (’Kink
algorithm’) [35].

- Cosmic ravs were rejected by testing for interaction point association (*Tkdloo algo-
rithm’) [36).

— Fiducial leakage cuts were enforced by testing for cracks in the detector (’Clique algo-
rithm’).

After this tight muon selection about 20000 single muon events remain with a muon p;(p) >
6 GeV/c [10] [38]. The muon rapidity range extends up to |n| of 1.5, where the trigger has quite
good efficiency. The inclusive total cross section for single muon production can be calculated
from N

owt(pp — p+ X) = I (3.7)

where N is the number of events, ¢ is the muon acceptance and L is the integrated luminosity.
Without the acceptance correction the total cross section is otot = 36.04 0.3 nb. The acceptance
of the muon reconstruction procedure outlined above is estimated to be 0.33 + 0.02 (statistical
error only) [39]. For the low momentum muons the inefficiency of the second level trigger
(MUTIME, see section 3.2) is (90 £ 5)%, therefore the total efficiency for muons with pi(u) >
6GeV/c is 0.29 + 0.03. After acceptance correction the total cross section for single muon
production in pp collisions is o¢t(pp — p(pe > 6 GeV/c) + X) = 124 + 13 nb. The uncertainty
of the given cross section is statistical with the uncertainty in the muon acceptance added up
quadratically. The systematic error due to the uncertainty in the luminosity measurement is
15% (see chapter 3.1). It should be emphasized, that the given cross section contains also the
large contribution from the muon background sources, mainly the K / 7% decays in flight, that
have slipped through the cuts. We have not performed the background subtraction in this work,
because the inclusive muon cross section is needed here only for the normalization of the K°
spectrum (see chapter 6). However, the transverse momentum spectrum of the muons (taken
from reference [10]) is shown in fig. 3.5, together with the decay background. The background
fraction is up to 70% for the lowest muon momenta, but goes down to 20% for muons above
20 GeV/c. The muon spectrum falls steeply for low transverse momenta of the muon and flattens
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out for transverse momenta above 15GeV/c. The flattening of the momentum spectrum is
compatible with muon production in W and Z decays, smeared by the detector resolution. The
muons at Jower momenta, after background subtraction, are expected to come from heavy flavour

decays.
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Figure 3.5: The inclusive muon spectrum and the result of the muon background calculation.
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Chapter 4

vV reconstruction in the CD.

4.1 Introduction

We have discussed in chapter 2 that the cascade decays of heavy quarks can lead to neutral kaons
in the final state. Charged kaons can be produced as well, but they cannot be distinguished from
pions in the UA1 detector. Only charged particles can be directly detected in the UA1 Central
Detector (see chapter 3), because only charged particles leave ionization tracks in the gas filling
of the multiwire drift chamber. However, neutral kaons and lambdas can be reconstructed in
the CD by searching for a typical V° pattern of their decay into charged particles which can be
subsequently recorded. :

As to the K°, only K¢ decays into 7t 7~ (branching ratio 68.6% [25]) can be detected. The
long living entity K¢ has a mean flight path of 7-15m and therefore will in general decay outside
the Central Detector.

The search for a K2 in the CD is based on a geometrical property of a V0 decay: a kaon
decaying into a 7t 7~ pair at some distance from the production vertex creates two tracks in
the CD, which cross at the decay point and which are not associated to the primary production
vertex. In the V° search we invert the problem of the decay geometry by looking for crossing
tracks of opposite charge, that are required not to originate from the primary vertex. The sum
of their momenta must point at the production vertex. The main criterion for a V° decay is the
invariant mass of the V° particle, which should be close to the K2 or a A/A mass.

In the next section we will consider cuts used in the V° reconstruction and selection. These
cuts have been obtained in the study of the signal to background ratio for a K2 mass spectrum.
This study is presented in section 4.3. The efficiency of the K2 reconstruction for the selected
set of cuts will be considered in the next chapter.

4.2 The V0 finding cuts.

The standard algorithm for the search for V' decays in the UA1 CD is described in ref. [11].
The tracks fitted in the CD are input to the ’VOFI processor’, which tests all pairs of positive
and negative tracks against the V? decay kinematics. This is a general algorithm for the V°
pattern recognition and it is capable of searching for the K¢ — x¥n~, A/A — pr decays and
v — ete™ conversions.

The tracks selected for processing must have more than 20 points in the CD with x,;; < 6
and the accuracy of momentum measurement Ap/p < 0.2; the individual track momenta are
bound to p > 0.1 GeV/c. The logical steps in the V0 selection algorithm are the following:
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— the circles in the xy—plane (perpendicular to the magnetic field) defined by the track
segments from the V? decay should cross within 3 mm. If successful, this test determines
the decay point (in the xy-plane) of the V%—candidate. One track can cross with more
than one other track (ambiguity or track sharing). Many of these additional crossings are
rejected by the subsequent cuts. If the ambiguity remains, the best track combination is
selected at the end of the V' search procedure as the one with the best impact parameter
of the resulting V?, see section 4.3.

— The x? parameter of an individual track is defined by its deviation from the primary

vertex:
Xi = (“i) (4.1)

where b; is an impact parameter of track i in the xy-plane and Ab; is its uncertainty at
the primary vertex position. The x? is required to satisfy x? > 4 for both tracks. This cut
reduces a large number of tracks coming from the primary interaction point. Since a V°
decay is expected to occur at some distance from the primary vertex, its decay products
should not cross at the primary vertex.

— The impact parameter of the V° candidate in the xy—plane satisfies 5(V°) < 3mm. The
VO is assumed to come from the primary interaction point with the specified accuracy.

— The decay distance satisfies d > 0, so that the two tracks do not cross logically behind the
main vertex.

— The track digitizings should start after a track circle intersection in the xy—plane ( Causality
Condition). The Causality Condition ensures, that the pion tracks from a K° — ntr~
decay start after the K? decay point defined by a track circle crossing. We have put a
tolerance on this condition of 1 e¢m, which is the distance between two adjacent sense wires
in the Central Detector (see chapter 3).

— The tracks are required to cross also in the z—coordinate within 30 cm. This cut is not really
restrictive, since the accuracy of the z-coordinate measurement is 4 cm (see chapter 3.3).
After this test the sz—fit (described in chapter 3) constrained with the V° decay vertex
(crossings of the track circles) is repeated for the two tracks. If the track circles cross
at two points and no one of the crossings can be rejected by the Causality Condition
or positive decay distance requirement, both points are tried in the sz—fit. The crossing
ambiguities are resolved by choosing the crossing with the best x2 of the sz—fit. The sz—fit
in V0 finding is in fact a coplanarity constraint on the V' decay. The track parameters are
subsequently calculated at the decay point, as opposed to the usual procedure, where the
track parameters are calculated at the position of the primary vertex (associated tracks)
or at the first measured point (unassociated tracks). This is a very important step, since
the direction of the particle momentum vector varies along the particle trajectory due to
its curvature.

— The decay plane of the V° should not be oriented parallel to the z—direction, since the
VO reconstruction will suffer from the less precise determination of the current division
coordinate. We have established a criterion on the cosine of the dip angle (A;) of the
Vector Ppos X Pneg (normal to the decay plane): |A4] > 0.3, see section 4.4.6.

- Several VO masses are tried by assigning 7+ /r~, p/r~, x* /P and et /e~ masses to the
positive and negative track pairs. The K° mass window is within m(K2) = mo(h'Q) +
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90 MeV/c?, the A/A mass window is within m(A/A) = mo(A/A) + 5 MeV/c?, where
mo(KQ) = 498 MeV/c? and mo(A/A) = 1116 MeV/c? [25]. We have rejected events with
several hypotheses passing the corresponding mass cuts. Less than 4% of all kaons satisfy
the A hypotheses simultaneously, see section 4.5.

In the discussion of the V° finding algorithm we have indicated our choice for the values of
the selection cuts, like 5(V°) < 3mm of x? > 4. These values have been obtained by studying
the reconstructed K2 mass distribution in real single muon events with relaxed VO selection
cuts [40]. This study is presented in the next section.

4.3 The analysis procedure.

We calculate the signal to background ratio (S/B) by studying the mass distribution of recon-
structed kaons in real single muon events. The mass window in the V° finding algorithm has
been enlarged up to m(K?®) £ 300 MeV/ ¢2. Tracks selected for a V° analysis were also allowed
to start from secondary vertices, reconstructed from a cluster of > 3 crossing tracks in a space
point.

The signal is chosen in the range m(K°) + 20 MeV/c? (Signal Band SB). The background
is determined from the side bands 340 to 440 Mev/c? (LSB) and 560 to 660 MeV/c* (USB).
These ranges have been chosen well outside the mass peak, in order not to contain a part of a
signal and in order to contain a sufficient linear part of the background. The S /B ratio and the
number of signal and background V?’s have been calculated from: '

B = (number of V°in LSB + number of V°in USB)/5 (4.2)
S = numberofV°inSB — B

In the first stage, when searching for a K 0. we allow one track to participate in more than one
combination with other tracks (ambiguity or track sharing). There are less than 1% ambiguous
V%% in the signal region (SB), however in the background region about 15% of the Vs share one
or both tracks with another V°. To calculate the signal to background ratio these ambiguities
must be resolved. Two methods have been compared to each other: The best track combination
has been selected as the one with the best impact parameter, or as the one with the smallest
association probability. Triple or higher multiplicity ambiguities are resolved by marking the
best track combination; subsequently all combinations are removed, which are ambiguous with
the best one. This process is repeated for the remaining V%’s, until no ambiguities are left.
The S/B calculation is essentially a counting procedure, therefore the choice of a combination
inside the signal or background regions defined above hardly influences the calculated S /B ratio.
However, there are about 30% of all ambiguous V° candidates, which share a track with a 1%
inside the other mass region. The two methods for the resolution of V0 ambiguities give similar
results within about 10% (or ~ 1.50) of the calculated S/B ratio. Presumably either of these
methods usually selects the correct track combination.

Distributions derived from real data, to be presented in the following section, have been com-
pared to Monte Carlo (M.C.) generated distributions. We have used an ISAJET 5.23 generated
bb and cé sample [41] with full detector simulation, to obtain the shape of the combinatorial
background. To obtain an undisturbed mass distribution of kaons in the CD, we have used a
M.C. generated single K 0. forced to decay in an otherwise empty detector. This method has
the advantage of higher statistics obtainable in an arbitrary momentum range of the kaon.
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4.4 Properties of the Signal and the Background bands.

4.4.1 The experimental mass distribution.

The V0 impact parameter is defined by the shortest distance of the V0 flight path to the primary
vertex in the XY-plane. The x? parameter of an individual track is defined by its deviation from
the primary vertex, see eq 4.1. The traditional analysis [11] employs a cut on the association
probability P(x2,,) = ezp{—-x%,,/2} < 0.1 with x2,, = x? + x2 to reject a large amount
of crossing track pairs associated to the primary vertex [11]. This approach tries to optimize
the combined association probability. For kaons, however, an improvement in the signal to
background ratio can be achieved by a restriction on the individual values of x? of the track
impact parameter, see table 4.1.

Table 4.1: S/B ratio for a kaon signal in single muon events for several x? and b(K°) values. The
second number is the corresponding number of kaons after background subtraction (S(K), see eq.2). The
VO ambiguities have been resolved by taking a combination with the smallest impact parameter. 12020
stngle muon events from the 1985 data have been processed to oblain the results.

% 15 2.0 25 3.0 35 40 45

b(K°)

Bmm | 1.04+0.03 | 1.25£0.04 | 1.43£0.05 | 1.60 £0.06 | 1.74 £ 0.06 | 1.85 £0.07 | 1.91 £ 0.07
2452+73 | 2257466 | 2120462 | 2033+60 | 1968+58 | 1906456 | 1821+ 54

3mm | 1.19+0.04 | 1.46 +0.05 | 1.69 % 0.06 | 1.90 £ 0.07 | 2.06 £ 0.08 | 2.22 £ 0.08 | 2.31 £ 0.09
2194+ 66 | 2036 +61 | 1922457 | 1843455 | 1775+ 53 | 1732452 | 1660+ 50

2mm | 1.28 % 0.05 | 1.58 £0.06 | 1.83 £ 0.07 | 2.08 £ 0.08 | 2.27 £ 0.09 | 2.43 £ 0.10 | 2.56 £ 0.10
1857+ 60 | 1726£55 | 1620452 | 1561+50 | 1502+48 | 1459 +47 | 1410+ 46

The S/B values given in table 4.1 should be compared to the values S/B = 0.38 + 0.04
obtained with P(x2,,) < 0.1 and b(k°)/a(b) < 1.0. With x? > 4 and b(K°) < 3mm we have
S = 1732 £ 52 kaons in the signal band and B = 780 £ 13 in the background side bands.
This corresponds to 0.144 + 0.004 kaons per event, compared to 0.210 £ 0.04 with the previous
cuts [42]. The kaon yield dropped by about 35%, but the signal to background ratio is almost
6 times better with the new approach.

An experimental mass distribution corresponding to the cuts x? > 4.0 and b(K°) < 3mm
is shown in fig. 4.1. The kaon peak at the mass m(K®) = 0.497 GeV/c? is prominent. The
background starts at the 7+ + 7~ mass of 0.279 GeV/c? and falls exponentially, until a slow
decreasing background takes over. The side bands given in eq.1 correspond to this slow varying
background, which we approximated with a linear function. A flat background distribution is
expected from random track combinations, passing the V° finding criteria.

Another background source is formed by events with a V° like signature , but not representing
a kaon coming from the interaction region. These are wrongly assigned A or A decays, 5-
conversions and secondary interactions in the beam pipe and the CD walls. These background
sources do not contribute much in the kaon peak region (Signal Band). From the discussion in
section 4.4.3 we estimated this contribution to less than 5% (under the kaon peak).

4.4.2 Random background in the V° search.

The largest contribution to the background is provided by a random combination of positive
and negative tracks, which pass the VO selection cuts. Fig. 4.2 shows a background deduced
from M.C. generated bb and c¢ events with full detector simulation. This is done by selecting
only those of the V° candidates, which have prongs not originating from a K% — rtr~ decay.
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The opening angle between two tracks in a V? is important in calculating the random back-
ground, because random background grows with increasing opening angle (this can be calculated
analytically under the assumption of constant track density). Since a large opening angle corre-
sponds to a lower momentum of a V°, and thus also to a low transverse momentum, the random
background increases at lower transverse momentum values. We consider a transverse momen-
tum, rather than a total momentum, because the transverse momentum is more important for
the physics of K° production. It can be used, for instance, to separate K%’s in a jet from these
from the underlying event.

The kaons with low momentum have rather short lifetime, therefore they decay close to the
production vertex. A M.C. study of the K2 reconstruction shows a significant drop in efficiency
for kaon transverse momenta below 0.2GeV/c [42]. The reason for this drop might be twofold.
First of all the multiple scattering in the beam pipe changes the direction of the slow decay
products of low momentum kaons. Therefore the reconstruction of the decay point is uncertain
with corresponding uncertainty in the V° mass determination. Second, tracks coming from a
decay point in the vicinity of the primary vertex are likely to be marked as associated to the
primary vertex by the V°-finding software, i.e. they will not fulfill the x? > 4 requirement.

An experimental distribution of p(V?) is shown in fig. 4.3. The falling edge below 0.2 GeV/c
is steepened by the cut p; > 0.1 GeV/c on the individual track momenta of the decay products.
The S/B ratio improves with growing p,(V?) (see table 4.2). Therefore we tend to cut low p;
VOs, if they are not required by the physics analysis.

Table 4.2: S/B ratio and the number of kaons for a signal in single muon events for several
pt(V°) values. The other cuts are: b(V) < 3mm and x? > 4.0. The V° ambiguities have been
resolved by taking a combination with the smallest impact parameter. 12020 single muon events
from the 1985 data have been processed to obtain the results.

pt(Vo) pt > 0.2 p: > 0.3 p: > 0.5 p:> 1.0
S/B 2.55+0.10 | 2.81 £ 0.11 | 3.60 + 0.15 | 4.01 £ 0.25
S(K) 1757 £ 52 | 1585 +48 | 1350 £ 42 658 + 30

4.4.3 Secondary interactions and y-conversions in the CD walls.

A K° — m* 7~ hypothesis is used to evaluate all V? masses, therefore we assume the two tracks
to be pions. A photon converting into a et e~ pair would have a mass just above the sum of two
pion masses in this calculation. Therefore the left peak at the 7+ + 7~ mass in fig. 4.1 might
correspond to 7 conversions in the CD chamber walls and the beam pipe material.

In fig. 4.4 we show a distribution of the V° decay vertices in the XY-plane of the detector.
The points are not distributed randomly: there is a structure visible around +1m and -1m in
UA1 x-coordinate. This structure corresponds to the 10 ¢m thick side walls between the central
and forward chambers of the central detector. A correlation of the decay points to other walls
and boundaries in the CD is not visible in fig. 4.4.

However, a study of secondary vertices with more than 3 tracks shows, that most of these
vertices are lying on the detector boundaries [33]. Their appearance is explained by secondary
interactions in the chamber walls and the beam pipe. Since in the present analysis we do not
exclude any type of vertices, we have to face a background from these events as well.

An experimental mass spectrum corresponding to V°’s with decay points in the CD chamber
walls (0.91 < |z] < 1.1) is shown in fig 4.4. The peak starting at the two pion mass contains
only 20% of the leftmost peak below 0.3 GeV/c? shown in fig. 4.1. However, the general form
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Figure 4.4: An ezperimental distribution of V® decay vertices in the XY-plane (a) and the mass
distribution with V° decay vertices in the CD walls 0.91 < |z| < 1.1 (b).
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Figure 4.5: Scatter Plot of V° momentum and the opening angle (a). The V° mass distribution
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of this background is well reproduced. About 95% of the Vs entering fig. 4.4 have a very
well defined mass with an error less than 40 MeV/c?. There is no peak corresponding to the
kaon mass, therefore it is possible to cut on the decays in the chamber walls to reduce this
background. A cut on the other detector boundaries is less effective, since it involves the less
precise z-coordinate.

There is another possibility to separate secondary processes in the beam pipe and the CD
walls. The cross section for radiative energy loss of a charged particle, when traversing a unit
of material, is inversely proportional to the momentum of the particle; the opening angle « is
also proportional to 1/p (see, e. g. ref [43]). A scatter plot of the V? momentum and opening
angle between the two tracks is shown in fig. 4.5. An enhancement at small opening angle is
apparent in the figure; such an enhancement is absent in M.C. generated data. We have used
an ’eye guided’ linear cut to separate this enchancement region. A mass plot corresponding to
the Vs with a/0.1 + p/4.0 < 1 is also shown in fig. 4.5. The peak contains about 80% of the
entries in figure 4.1 below 0.3 Gev/c?.

However, the background from the secondary processes in the CD walls is huge only at the
edge of the V° mass spectrum and is hardly present under the kaon peak, especially in events
with p;(V°) > 0.5GeV/c. Therefore, it is not necessary to cut on the exponential background,
if only the kaons from the signal band of m(K°) £+ 20 MeV/c? are used for a physics analysis.

To complete the study, a sample of Vs from the signal band has to be tested for consistency
with the hypothesis of a K° — n+7~ decay. We will consider subsequently the decay probability
spectrum, the decay angle distribution, the decay plane orientation and the uncertainties of the
mass determination.

4.4.4 Decay Probability of a K° for the Signal Band.

The V0 decay probability P; can be calculated from the length of the V© flight path d and its
momentum p(V°) by

Pi=1-e55 By = p(V°)/m(K°) (4.3)

For a K% er = 2.675 cm [25]. Equation 4.3 takes into account the time dilatation of an
energetic particle, which lives longer in the laboratory system. The relation above is not valid
for low momentum V%, created in the beam pipe or the CD walls and also not for the random
background. The ”decay point” of a V° from a secondary interaction is reconstructed at a
considerable distance from the primary vertex (the beam pipe radius is 8cm and the radius of
the CD inner walls is 10cm; other detector boundaries are even at a larger distance). Therefore
the calculated lifetime of these V?’s is much longer than the expected one and they have P; ~ 1.

An experimental distribution showing the V® decay probability, which should be flat in this
representation, is displayed in fig. 4.6. The part of the P, distribution at p; = 1 corresponds to
short living ’particles’, while small values of the P; distribution are populated by the particles
with a longer life time due to the time dilatation. A decreasing P; distribution below P; ~ 0.4
is caused by the detector inefficiency for high momentum (long living) particles, since these
particles might decay either outside the Central Detector chamber, or so close to the boundary,
that no sizable tracks are produced.

If the transverse momentum of the V%’s is not restricted, it is better to cut on the P; distri-
bution. If the decay probability satisfies P; < 0.98, about 75% of the y-conversion background is
rejected (measured by the number of V’s with a mass below 0.34 GeV/c?), whereas the number
of VP in the kaon peak is only 10% less. The background B under the peak, defined by eq. 4.2.
is less by about 35%. The signal to background for this cut is summarized in table 4.3. For
events with p¢(V%) > 0.5 GeV/c this result should be compared to the value of 3.60 +0.15. given
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in table 4.2. A part of the improvement comes from the deformation of the background, since
we have used a true kaon mass in eq. 4.3. Therefore, for high momentum Vs, this cut should
not be used to reduce the background.

Table 4.3: S/B ratio and the number of kaons after the cut Py < 0.98 for several p;(V°) values.
The other cuts are: b(V) < 3mm and x? > 4.0. The V° ambiguities have been resolved by
taking a combination with the smallest impact parameter. 12020 single muon events from the
1985 data have been processed to obtain the results.

(VO] p:>0 p: > 0.2 p:> 0.5
S/B_ | 3.19£0.10 | 3.33£0.13 | 3.96 £ 0.17
S(K) | 1784+50 | 1694 + 48 | 1344 + 42
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Figure 4.6: An ezperimental decay probability distribution for the kaon peak (SB region) shown
in fig. 4.1. In the chosen representation this distribution should be flat. The plots are for a)
p:(V%) > 0 and b) p,(V°) > 0.5GeV/c. A spike at Py =~ 1 in the first plot corresponds to the
background of V°’s not following the law given by eq. 4.3.

4.4.5 Decay angle of a K° for the Signal Band.

In the center of mass (CM) of a K° decay the angle 6* is defined as an angle between the
positive track and the kaon direction of flight in the laboratory. A K2 has spin zero. Therefore
it decays isotropically in CM so that the number of decays into the solid angle d? is constant.
The number of decays is proportional to d(cosf*) and the cosf* distribution should be flat. An
experimental distribution of cos6* for the kaon peak is shown in figure 4.7.

There is an increase in the cosf* spectrum at about +0.9. Such an enhancement is typical
for a contribution from a wrong assignment of A/A decay’s. We postpone the discussion of

decay ambiguities until section 4.5. The results for an additional cut on cosf* are summarized
in table 4.4.

4.4.6 Decay plane orientation of a K° for the Signal Band.

As the K© has spin zero, the orientation of the decay plane around the direction of motion of
the K° should have a uniform distribution. A fit of the two tracks with a coplanarity constraint,
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Figure 4.7: An ezperimental cos8* distribution for the kaon peak (SB region) shown in fig. 4.1.
This distribution must be flat for a K° — n*n~ decay. The plots are for a) ps(V® > 0 and b)
pt(VO) > 0.5 GCV/C.

Table 4.4: S/B ratio and the number of kaons for several cos* values. The other cuts are
b(V) < 3mm and x? > 4.0. The V° ambiguities have been resolved by taking a combination
with the smallest impact parameter. 12020 single muon events from the 1985 data have been
processed to obtain the results.

|cos8*| < 1.0 | |cos6*| < 0.9 | |cos8*| < 0.8 | |cosf*| < 0.7
pe > 0GeV/e 2.22+0.10 2.85+0.10 3.0+ 0.12 3.26 +£0.14
1732 £ 52 1754 £ 50 1522 £ 46 1358 &+ 43
Pt > 02GeV/e| 2.55+0.10 3.22+£0.12 3.431+0.14 3.74 £ 0.16
1722 + 50 1681 + 48 1452 1 44 1288 + 41
Pt > 0.5GeV/e | 3.60+0.15 4.201+0.18 4.60 + 0.22 5.20 £ 0.27
1350 £ 42 1317 £ 40 1121 £+ 38 985 + 35
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done by the V° finding software, ensures that such a plane exists {11]. The normal to the decay
plane is defined by &g = (Ppos X Pneg)/N, Where ppos and ppey are the momenta of a positive
and a negative track respectively, calculated in the K 0 decay point. The normalization factor
N = |Bpos||Pneg| makes @ig = (n},n3,n3) a unit vector. Figure 4.8 shows a distribution of the
angle ¢ between 74 and a reference axis perpendicular to the direction of motion of the decaying
K© and in the plane formed by the K and the z-axis.
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Figure 4.8: An ezperimental distribution of the decay plane angle ¢ of VO’ in the Signal Band.
The decay plane angle is an angle between the decay plane normal and a reference azis perpen-

dicular to the direction of motion of the K°.

The distribution of ¢ is not uniform and is left-right asymmetric (around ¢ = 90°). For
¢ =~ 90° the decay plane contains the z-coordinate. A narrow peak at ¢ = 90° is due to VO
with the track momenta parallel at the decay point, e.g. v’s.

As can be seen in fig. 4.8 the acceptance decreases for the decay plane orientations containing
a large contribution from the z-coordinate. This is caused by the less precise determination of
the decay point when the tracks are oriented along the magnetic field lines. In addition to
the magnetic field effects, there is also an effect of the less precise measurement of the track
parameters along the current division coordinate.

A way to study the influence of the inaccurate measurement along the z-coordinate is to plot
the VO mass as a function of the angle between the decay plane and the z-direction. A decay

dip cosine angle A, is defined by
’\d = nf} (4'4)

For small \; values the normal to the decay plane is oriented parallel to the magnetic field,
whereas for \; = +1 the decay plane coincides with the XY-plane of the central detector. The
magnetic field in the UA1 CD points into the positive z-direction (outward SPS).

Fig. 4.9 shows an experimental mass spectrum for the indicated values of the decay plane
dip angle. The "y-peak” at low mass is present below |A\s] < 0.3, because we set Ay = 0 for a
V0 with a very small opening angle, for which the decay plane normal cannot be defined. The
kaon mass peak disappears below |A4] < 0.3. Therefore further reduction of the background
is expected from a cut on the orientation of the decay plane at that value. The results are
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summarized in table 4.5

Table 4.5: S/B ratio and the number of kaons after the cut |Aq| < 0.3 for several p,(V°) values.
The other cuts are (V) < 3mm and x? > 4.0. The V° ambiguities have been resolved by taking
a combination with the smallest impact parameter. 12020 single muon events from the 1985
data have been processed to obtain the results.

(V)] pt>0 p: > 0.2 p: > 0.5
S/B | 275+0.10 | 3.19+0.12 | 4.44 £ 0.19
S(K) | 1774 +51 | 1708 +49 | 1353 + 41
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Figure 4.9: An ezperimental mass distribution for several decay plane dip angles. The plots are:
a) |Aa| > 0.8 (almost coinciding with the CD XY-plane); b) 0.6 < |[A4] < 0.8; ¢) 0.3 < |\g| < 0.6;
d) [Aa| < 0.3 (almost parallel to the 2-direction).

The left-right asymmetry, apparent in figure 4.8 follows from the sign (handness) of the cross
product, used to calculate the plane normal. This asymmetry can be explained by noticing,
that the V0 decay point is not unique. The possible K© decay points are defined by the track
intersections; there are in general two such intersections, with opposite handness of the decay
plane normal in these two points. Since a positive track is bend to the right. when looking into
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the direction of the magnetic field, the first decay point (the closest to the primary vertex) will
result in positive handness. If there is a decay point ambiguity, the V°-finding algorithm takes
the most probable decay point at the smallest distance to the primary vertex. Since this point
is not necessary the correct one, a left-right asymmetry is created, shown in figure 4.8.

4.4.7 Uncertainties of the mass determination.

The increasing width of the K° peak shown in fig. 4.9 emphasizes the inaccuracy of the track
parameters measured in the z-direction. However, tracks in the X'Y-plane can have large errors as
well, for instance due to track overlap or insufficient number of digitizings. The best resolution
of the K9 mass has about r.m.s. = 5MeV/c?, which can be determined by looking at the
experimental mass distribution (see also [44]).

An experimental mass distribution for several o(m) values is shown in fig. 4.10. The width
of the kaon peak estimated at half width half maximum agrees with the calculated mass error.
A cut can be defined to accept Vs with o(m) < 40 MeV/c?, since the kaon mass is not sharply
defined above that limit. The results are summarized in table 4.6.

Table 4.6: S/B ratio and the number of kaons after the cut o < 40 MeV/c? for several p:(V?)
values. The other cuts are b(V) < 3mm and x? > 4.0. The V° ambiguities have been resolved
by taking a combination with the smallest impact parameter. 12020 single muon events from the
1985 data have been processed to obtain the results.

(VO | pe>0 pe > 0.2 Pt > 0.5
S/B_ | 2.33£0.10 | 2.69 £ 0.10 | 3.85£ 0.16
S(K) | 1757452 | 1697+50 | 1351 + 42

4.4.8 Summary of the study of the mass spectrum.

Table 4.7 summarizes the S/B and the number of V°’s after background subtraction for simulta-
neous use of several cuts. A minimal sample of the V' selection cuts with good kaon resolution
corresponds to b < 3mm, x? > 4.0, p; > 0.5GeV/c, |A4] > 0.3 with §/B = 4.44 £ 0.19, which
selects about one kaon in ten events.

Table 4.7: S/B ratio and the number of kaons after background subtraction. From top down, in each row
one cut is added to the previous ones. The VO ambiguities have been resolved by taking a combination
with the smallest impact parameter. 12020 single muon events from the 1985 data have been processed 1o
obtain the results.

p: > 0GeV/e p: > 0.2GeV/c pt > 0.5GeV/c
b(V)<3mm; xi >4.0]222+0.10 1732+ 52 | 2.55+£0.10 1757 + 52 | 3.60 £ 0.15 1350 £ 42
|Adl :0.3 2.7540.10 1774 £ 50 | 3.19+0.12 1708 49 | 4.44 £ 0.19 1353 + 41
a'(m;-< 40 MeV/c? 2.73+0.10 1797 £ 51 | 3.27+0.12 1706 £+ 48 | 4.67 £ 0.21 1338 + 41
|cos€T| <09 3.174£0.12 1733+ 49 | 3.77+£0.15 1643 £ 46 | 5.33 £ 0.25 1267 £ 40
Py <+0.98 3.5240.13 1727+ 48 | 4.24+£0.17 1585 +£ 45 | 5.52 £ 0.26 1239 £ 39
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Figure 4.10: An ezperimental mass distribution for several values of a mass uncertainty. The
plots are: a) a(m) < 10 MeV/c?; b) 10 < a(m) < 20 MeV/c?; ¢) 20 < a(m) < 40 MeV/c?; d)
o(m) > 40 MeV/c2.

32



4.5 Identification of a V° decay.
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Figure 4.11: An ezperimental mass distribution for A/A decay hypotheses. The V° selection
cuts are b(V°) < 3mm and x? > 4.0. About 4500 single muon events have been processed.

A mass spectrum calculated with the hypotheses A — pr~ or A — 7t is shown in fig. 4.11.
A and A peaks at 1.1156 GeV/c? are evident from the picture. A’s are distinguished from A’s
by assigning an (anti)proton identity to a track with the highest momentum. For the A/A
hypotheses a signal band has been defined by m(A) £ 5 MeV/c? and the side bands are 1.09 to
1.105GeV/c? (LSB) and 1.125 to 1.14 GeV/c? (USB). The signal to background ratio for several
sets of cuts is summarized in table 4.8. Note, that the fluctuation in the number of A/A’s in
table 4.8 is due to a fluctuation in the background, since the assumption of the linearity of the
background is not strictly fulfilled.

Table 4.8: S/B ratio and the number of A/A’s after background subtraction for several cuts. The
other cuts are b(V) < 3mm and x? > 4.0. The V° ambiguities have been resolved by taking a
combination with the smallest impact parameter. About 4500 single muon events from the 1985
data have been processed to obtain the results.

b(VO) < 3mm; x? > 4.0 A A

P> 0GeV/e 076 £014107£17 | 088 £0.17 88 £ 15
pe > 0.5GeV/c 1.98 4+ 0.22 103 + 13 | 1.98 + 0.36 92 + 12
pt > 05GeV/e; |Ag| >03] 32+04116+13 |247+0.3484+11

A question has been raised concerning the use of a high cut x? > 4.0 for the selection of A /A
decays, because in a A decay the proton carries the main part of the available momentum and
the corresponding track is expected to be associated to the main vertex. A calculation shows,
however, that for x? > 1.0 we have only 50% increase in the number of entries in the Signal
Band. Since a large part of the increase is provided by the random background, we expect no
improvement in the A/A signal from a modification of the x? cut.

To study the contamination of the kaon mass peak with wrongly assigned A/A decays, we
have to know how often there is an ambiguity in the assignment of a K° and a A/A decav. A
A — pr~ decay produces two tracks in the detector with a momentum imbalance of the order

of pl(f(’;f;:’)l) o~ :((f ). Such a momentum imbalance can in general be reached in a K% — rn+ 7~
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decay at small decay angles, because of the boost the pions are getting from the momentum of
the kaon.

A calculation for 4672 single muon events shows, however, that there are 26.6 + 10.4 Vs
after background subtraction, which satisfy both hypotheses, independent of the transverse
momentum of the V°. Therefore the contamination of the kaon peak with the wrongly assigned
A/A’s is less than 4%. Thus the contamination is small for a kaon signal. Note however, that
the absolute number of ambiguous identity assignments in the A/A sample is larger than in the
K sample, since in general there are less A’s in events and the same contamination percentage

applies.

4.6 Summary of V’ reconstruction procedure.

As described in the present chapter the set of V0 reconstruction cuts discussed in section 4.2
gives a S/B ratio of 4.44 £ 0.19 and selects about one kaon with p; > 0.5 GeV/c in seven single
muon events. The reconstruction efficiency is calculated in the next chapter.
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Chapter 5

The efficiency of Kg reconstruction.

5.1 Introduction.

In chapter 4 we have found a set of VO reconstruction cuts which allow K2 detection in the
Central Detector with a high signal to background ratio. To use the K2 signal for the cross
section measurement we have to estimate the K2 reconstruction efficiency using this set of cuts.

The efficiency of the K2 reconstruction in the UA1 Central Detector has been studied pre-
viously by Ciapetti et al. [44] and by Kroll [45]. Both studies were based entirely on Monte

Carlo generated events. The efficiency in Monte Carlo generated events can be calculated from

num.K° found
num. K° generated’

other values for the V° reconstruction cuts, different from the values presented in chapter 4.

Ciapetti et al. have generated about 50000 Monte Carlo events with the minimum bias
topology and passed them through a complete CD reconstruction [44]. Kroll [45] followed
another procedure. In his program a single K 2 per event was generated, which decayed in an
empty Central Detector. The latter method of the efficiency determination has the advantage
of high statistics in an arbitrary momentum range of the kaon. The comparison of the efficiency
results from the single kaon program with the efficiency calculated by Ciapetti et al. gives an
indication of the track density independence of the K°© reconstruction. These two results were
in agreement with each other within the errors. Apparently, additional tracks in an event do
pot disturb the reconstruction of a K® — n*t7r~ decay at least up to the track density of the
minimum bias events.

The real single muon data sample, studied in the present analysis has a two to three times
higher track density than the minimum bias events, accompanied in addition by high energy
jets. The K¢ reconstruction problems are more severe in this data sample. A straight forward
efficiency estimation method based on the Monte Carlo event generation with subsequent CD
reconstruction is too optimistic. For instance Ciapetti et al. obtained a factor 0.89 which
was used to correct for the overestimation of the efficiency in the Monte Carlo minimum bias
events [44]. The UA5 measurement of the inclusive K© cross section at the pp Collider [46] has
been reproduced with the UA1 minimum bias data [44].

We have developed a novel method of efficiency estimation based on the single K° program
of Kroll [45). A decay of a single Monte Carlo K% into 7%~ is generated in the CD and merged
subsequently into a real event using a mixing technique. We used real minimum bias events to
merge the Monte Carlo K2 for the comparison with the measurements by Ciapetti et al. and
dimuon events with m(u, ) > 6GeV/c? to check the effect of a higher track density on the V0
reconstruction.

We have compared the efficiency calculated with the mixing method to the results of Ciapetti

since both numbers are known. We emphasize that the above studies used
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et al. [44] and Kroll [45] in a report to the UA1 Collaboration [42]. We will present this study
in the next section. Necessarily, we had to calculate the efficiency for the old set of the V°
reconstruction cuts for comparison with previous results.

Finally, in section 5.4 the V° reconstruction efficiency for the new cuts presented in chap-
ter 4.2 is calculated.

5.2 The merging of Monte Carlo K into real events.

5.2.1 The analysis procedure.

The VO reconstruction analysis proceeds in three steps:

~ A single K3 is created in the production vertex and subsequently a decay K% — nt 7~ is
generated. Most of the time this decay occurs inside the CD, where the ionization tracks
from the two pions are simulated.

— The measured points from these ionization tracks are merged into the CD points of a real
event.

— Event reconstruction is done in the usual fashion (see section 3), except that the Monte
Carlo tracks from the generated K3 decay were marked and the V° reconstruction was
done only for these tracks.

To save computer time we merged a single K° only if the K° has been reconstructed in an
empty detector. The efficiency can be easily calculated; the reconstruction problems are close
to the problems experienced in real events. We have studied the influence of the track density
on the V° reconstruction efficiency using this scheme. Also the change of the Monte Carlo track
parameters and the shift in the primary vertex position after merging have been analyzed.

We have used the minimum bias real events and a sample of about 300 dimuon events with
m(p, ) > 6GeV/c? from the 1985 UA1 data. In addition, we have selected some of the dimuon
events containing high energy jets and generated a Monte Carlo K° decay in the direction of
the jet. As far as the V° search is concerned, the single muon events have the same properties
as the dimuon events, since they have about the same track density and jet multiplicity.

The main draw back of this analysis procedure is the unknown position of the primary
interaction vertex in the real event, because the Monte Carlo K2 has to be produced from the
primary vertex. We have used the fitted primary vertex position and introduced some smearing
with an experimental error distribution. Also multiple scattering of the pions from K 2 decay
during the passage of the beam pipe has been calculated. This is described in section 5.2.2.

5.2.2 The merging program.

The event reconstruction program has been extended with a feature to merge Monte Carlo K2
with real events. To save computing time only the CD part of an event is reconstructed and the
K2 has been forced to decay into #*x~ pair. The V? finding is performed only on the Monte
Carlo generated tracks. The V° has been accepted if it has passed all the finding cuts and it’s
mass was in the window between 0.44 and 0.56 MeV/c? (for the old cuts).

The schematic presentation of the modified reconstruction program is given in figure 5.1.
A real event is read in first. It is checked, that it contains a correctly reconstructed primary
vertex. This vertex is given to the routine GETVTX, that smears its x,v position to obtain the
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for(#real events)
read event; {It is checked, that the event contains the necessary vertex information; to generate

a K in jets, the jet finding is done }

for(#KPO per event)

10

end

end

Figure 5.1: Skeleton of the main program for the V° reconstruction analysis using the mizing
technique. No mizing is performed if the single K° has not been reconstructed (output flag of the
subroutine CHK VO is zero). Note, that in the mized events the V° reconstruction is attempted
only on the Monte Carlo tracks. A track is a Monte Carlo track by definition, if the majority of

GRSE; { Monte Carlo K° generated in the given p;, y, ¢ interval.}
— GETVTX; { is called from GRSE; it obtains the real event vertex and smears it

with the experimental distribution (see text)}
SERC; { decays the K?° in the CD. The time slewing correction needed for real events is not

used for the Monte Carlo digitizings.}
— MULTSCG; { is called from SERC. It calculates the multiple scattering of the decay

products in the beam pipe material. }

status = SINGLE;

continue;

CALC; { the digitizings are combined in tracks }

IMRE; { track fitting and V° finding. For the track fit with the Monte Carlo digitizings the
time slewing correction for those digitizings is set to zero. The Monte Carlo digitizings
are recognized by their special ionization information (see comments to RIME). The
fitted tracks are considered to be Monte Carlo tracks if the majority of the points are

coming from a Monte Carlo track (routine TMCODE).}
— if(status = SINGLE) TKVFIL; { obtains the primary vertex from the real event

and associates the tracks with it. The track errors
are propagated to the vertex position; the vertex
errors are included }
— if(status = MERGED) VEFI; { vertex finding and fitting processor }
— VOFI; { the V? finding is attempted on the Monte Carlo tracks only }
CHKVO; { analysis of the V0 reconstruction and histogram filling }
if(status = SINGLE) then
RIME; { mix the Monte Carlo and real event digitizings. Bits 19-28 of the first data
word of each digitizing in the database contain the ionization information for
the real digitizings; they contain the Monte Carlo track numbers for the Monte
Carlo digitizings. }
status = MERGED;
goto 10; { repeat the analysis chain for the merged events }
endif
DROP; { delete the mixed event, before a new K2 will be generated and mixed with the same
real event}

digitizings in the track fit are originating from the Monte Carlo.
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Monte Carlo generated K§ production vertex. The smearing is done in the x and y coordinates:

Tsmeared = Treal + 0z ¥ Gy
Ysmeared = Yreal + Oy *Gy

where g, = 0.1 mm and G, G, are the random numbers generated from a Gaussian distribution
with 0 = 1. For the x-position, o, is selected from the measured distribution of errors in the
x-position of the primary vertex in the real events. We have used the primary vertex error
distribution from the minimum bias events and from the single muon events. In the minimum
bias events the distribution of the difference between the smeared x-position and the real x-
position has a r.m.s. value of about 1mm [45]. In the single muon events this distribution has
a r.m.s value of about 0.25mm (see fig 3.3 in chapter 3).

The multiple scattering in the beam pipe material changes the track direction in the CD.
For a part it has a similar effect on the V° reconstruction efficiency as the vertex smearing. We
calculated the multiple scattering in the beam pipe from a gaussian distribution with the r.m.s
deviation given by [25]

o(6p) = 14.1 MeV/c-pE—“/L—LR [radians]

Here p, E are the momentum and energy of the traversing particle; IL; is the thickness of
the traversed material in radiation lengths. For pion tracks with p = 0.5GeV/c traversing a
corrugated beam pipe with relative radiation length 0.025 the r.m.s. of angle distribution is
0(fo) ~ 5mrad. For a beam pipe radius of 6 cm and the CD inner walls, total distance 10cm,
multiple scattering gives an uncertainty in the vertex position of about 0.5 mm.

The tracks are reconstructed in the routine IMRE. In real events the primary interaction
point is reconstructed from the clusters of tracks gathering at the position of the beam. However,
when we calculate a single K reconstruction efficiency, there is no possibility to fit the primary
vertex. Therefore we copy the vertex parameters of a real event to stand for the new vertex.
The Monte Carlo generated K2 production vertex is smeared around this position.

The mixing of the digitizings is done by the routine RIME. A new primary vertex position
has been determined and fitted using all tracks, including the new Monte Carlo tracks.

We have also calculated the K2 reconstruction efficiency, when the Monte Carlo K2 is
generated in the direction of a jet. A jet search is done immediately after a new dimuon event
has been read in. A CD jet has been required with track multiplicity > 4 and p;(jet) > 6 GeV/c.
If there are several jets in the event, the jet with highest p; is used. Next, a Monte Carlo K2
is generated in a small cone Ay = +0.1, A¢ = £5° around the direction of the jet-axis in the
momentum range given by the input parameters. We proceed then with the event reconstruction
as described before.

5.2.3 Deviation of the vertex and the track parameters after mixing.

The mixing of the Monte Carlo CD digitizings from the K° — n+x~ decay with the digitizings
from a real event influences the track reconstruction properties. We have studied the resulting
shift in momentum of the Monte Carlo tracks and the shift in the number of points used in
the track fit after the mixing. The results are summarized in table 5.1. After the merging
of the Monte Carlo generated digitizings in a real minimum bias or dimuon event the Monte
Carlo tracks contain about 20 CD points less than before the mixing. The distribution of
6p = p"*¥ — p°? has a sharp peak at zero for all the tracks with a correctly reconstructed
momentum. There is a long tail of values that deviate strongly after mixing. The shift in
the track momentum is correlated to the fit error on the momentum. Large deviations can be
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Table 5.1: Deviation of the Monte Carlo track parameters after the reconstruction in merged
events from the values obtained in the reconstruction of single K° events. The figures give the
fraction of events with the deviation smaller then the indicated limits. Tracks are the m+n~
pairs from the Monte Carlo K° decay with 1 < p;(K°) < 3GeV/c, —=2.5 < y(K°) < 2.5 and
0 < ¢(R°) < 21 or Ay = 0.1, Ap = +5° around the Jet direction. About 4000 tracks have

been mized, the errors are statistical.

deviation in deviation percentage of events within the deviation limits
track parameter limits minimum bias (%) | dimuon (%) | dimuon Jet (%)
ép + 50 MeV 90 £ 2 86 + 2 77+ 2
6p: + 50 MeV 90 £ 2 84 £ 2 76 + 2
3% +1.0 87 £ 2 82 4 2 68 + 2
(track fit) +2.0 96 + 2 95 + 2 90 + 3
8l +6cm 76 + 2 64 + 2 3T+1
(track length) -30 < 8l < +6cm 89 + 2 82 £ 2 62 + 2
§ (num. of points) < 10 55 £ 1 37x1 B3£1
< 20 M+1 57 + 2 29+ 1
< 30 81 £ 2 70 £ 2 4 £ 2
6 (non m.c. points) 0 361 31+1 211
<5 71+ 2 69 £ 2 63 + 2
< 10 86 + 2 87 + 2 86 + 2

reduced by taking the cut %% < 20%, see fig 5.2. In jets the number of points used for the
track fit is reduced considerably after merging in a jet.

The efficiency of a single K° reconstruction is independent of the primary vertex smearing
distribution. The efficiency in the whole range of 0.2 < p;(K?) < 5.0GeV/c has been calculated
using a) no primary vertex smearing; b) smearing with the error distribution of the minimum
bias and c) smearing with the error distribution of the single muon events. At the statistical
level of 2% no differences in a single K° reconstruction efficiency have been found between these
smearing methods. Note, that for the Monte Carlo production of a single K 0 we use position
and errors of the primary vertex from a real event. In addition a variation caused by the
multiple scattering in the beam pipe is more important than the primary vertex smearing and
the resulting shift in the primary vertex position after the reconstruction in the mixed events is
larger than the smearing of the K 0 production vertex. Nevertheless, we have always smeared
for convenience the Monte Carlo production vertex in our program.

We have studied the shift in the vertex x-position (62 = Zpew — Zoid) after the inserted
Monte Carlo tracks are allowed to participate in the primary vertex fitting. In the minimum
bias events the shift 6z distribution has zero mean and r.m.s = 1.2mm. About 13 + 1% events
have been found outside the 3mm range. The vertex shift distribution in the dimuon events
has zero mean and r.m.s = 0.7mm. About 97 + 3% of the dimuon events are within the limits
|6z | < Imm.

Due to the variation of the primary vertex position the V' reconstruction efficiency decreases
by 9.8+ 2.5% in the minimum bias events and only by 3.4 + 2.8% in the dimuon events. On the
other hand the efficiency in the dimuon mixed events can be affected by the secondary vertex
search. In the secondary vertex search we look for a cluster of > 3 tracks originating from
approximately the same space point. Strictly speaking, the secondary vertices of this type do
not have the VO pattern and should be excluded from the V' analysis. On the average the
V© decay products have tracks not associated to the primary vertex. Therefore one additional
track in the neighborhood of the K© can easily simulate the pattern of the secondary vertices.
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Figure 5.2: Momentum shift of the Monte Carlo tracks after mizing with dimuon events (ord:-
nate[GeV/c]) as function of the relative error on the momentum of the tracks ép/p [%].

The kaon decay in the minimum bias events is misinterpreted as a secondary vertex in 4% of
the cases and in up to 10% of the dimuon events due to the higher track density. Therefore
tracks coming from secondary vertices of the discussed type are allowed to participate in the V°

reconstruction.

5.3 The V? reconstruction analysis for the old cuts.

5.3.1 The V? reconstruction for the single K° Monte Carlo events

To understand the V° reconstruction in the mixed events, it is helpful to consider the losses in
the single K° Monte Carlo, before mixing with a real event. The causes of the losses of the K2
are different for the lower and higher momentum kaons.

The largest decrease of the V° reconstruction efficiency for the low momentum kaons is
caused by the track reconstruction difficulties in the CD. The probability to find both tracks
from the decay of a 0.2 GeV/c kaon is only 75%, as compared to almost 90% for the higher
momentum tracks. The track reconstruction acceptance in the CD is shown in table 5.2. The

Table 5.2: Track acceptance in the UA1 CD as function of K° transverse momentum for the sin-
gle K® Monte Carlo events in [%]. The acceptance has been averaged over —2.5 < y(K°) < 2.5,
0 < ¢ < 27, the errors are statistical.

p:(K°) range [GeV/c]: 02 +03[03+05]05+10[10=30]30<5.0
num. of K° decayed in CD 1816 1708 1408 1474 1373
Probability 0 track reconstr. 144+30 | 3.7+05
Probability 1 track reconstr. | 15.0+ 1.0 | 136+ 09 | 130£1.0 | 82108 | 74 +0.8
Probability 2 track reconstr. | 75.0 £ 3.0 | 78.0£3.0 | 830+ 3.0 | 8.0+ 3.0 88.0+3.0
Probability 3 track reconstr. | 7.3+06 | 67206 | 36+05 | 1.6<+3.0

track reconstruction algorithm can easilv split the low momentum tracks into several parts, since
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they curl over several CD chambers and suffer from multiple scattering in the chamber walls.
More over, if these track segments cross the xz-plane in CD, they are assigned a wrong charge,
see fig.5.3.

An improvement of the V? reconstruction efficiency is expected at higher K2 momentum,
since the multiple scattering in the beam pipe is lower. The multiple scattering of pions of
1 GeV/c is about half of that of pions of 0.5 GeV/c. Moreover, at p,(K°) = 1GeV/c about 16%
of the kaons are likely to decay after the passage through the beam pipe and avoid multiple
scattering all together. However the kaons with higher momentum are lost owing to a less
precise determination of the track parameters. The K decay point is difficult to determine
for small curvature tracks, an example of which is shown in fig. 5.4. This leads to the losses
by the cuts for the decay distance and for the Causality Condition (see section 4.2). It should
be noted, that an uncertainty in the K decay point causes an uncertainty in the K° mass
measurement, since the track parameters must be calculated at the decay point for the K 0 mass
determination. This problem is more severe for low momentum, curved tracks, although the
decay point can be determined more reliably for the low momentum tracks. The uncertainty of
the track momentum leads also to the broadening of the mass spectrum; the mass peak width
calculation is summarized in table 5.3.

Table 5.3: The (estimated) r.m.s. width of the Monte Carlo K° — n*n~ mass spectrum
as function of py(K°) in single K° events. The events have been generated in the range
—2.5< y(K°) < 2.5 and 0 < ¢(K°) < 27.

p:(K®) range [GeV/c]: 02+03[/03=05[05+-10]10=3.0]30-=5.0
width of the mass peak [MeV/c’] | 9+ 3 10 £ 3 12+ 3 20+ 3 30+ 3

Finally, some reduction in the V° reconstruction efficiency at the higher momentum part of
the spectrum is caused by kaons with a large flight path 8ycr, because they are likely to decay
outside the CD. _

In summary, the losses of the Monte Carlo generated K2 decays by the reconstruction cuts
sum up to 50-60%. These losses cannot be attributed to a single cut, but they are accumulated
from all the cuts used in the VO reconstruction in about equal amounts [42]. The resulting
K reconstruction efficiencies will be shown in fig. 5.5, together with the results from the K3
reconstruction in mixed events.

5.3.2 The V° reconstruction in mixed events.

The efficiency for K° reconstruction in mixed or merged events is lower than the efficiency in
single K° events. There are additional difficulties of the primary vertex reconstruction and track
fitting after merging. The difficulties of the track reconstruction increase somewhat by going
from minimum bias to the more complicated jet events. The probability to find both tracks
from the K3 — n*n~ decay in the CD after mixing (A7') has been calculated relative to the
acceptance before mixing (A3) (see table 5.2) in the three types of events for the p,(K%) range
1to 3GeV/c:

0.96 + 0.02 mixing in minimum bias events
(1 < p(K®) <3GeV/c) = { 0.94+0.02 mixing in dimuon events
0.93 £ 0.02 mixing in dimuon jet events

A7
A3

Similar acceptance ratios for merged/single K° hold for the other K° momentum ranges. Thus
the acceptance of the tracks results in some extra losses in mixed events. The deterioration of
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Figure 5.3: Track splitting in CD. The Monte Carlo K decay verter is shown by a small cross,
the calculated decay verter by a large cross. Tracks 1 and 2 come from the same pion, but
have been split and given opposite charges, because the start of a track is defined by the closest

approach to the horizontal plane Y=0.
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Figure 5.4: Track crossing uncertainty in the CD. The detector has been rotated out of the
XY-plane to show separately the position of the second crossing in projection. Note, that the
crossings are calculated only in the XY-plane (their z coordinate is zero). The track digitizings
have a large spread in this picture, because the less accurate current division coordinate is visible
after the rotation. The Monte Carlo decay vertex is shown by the small cross, the calculated
decay vertices by large crosses. The digitizings start before crossing 1, therefore this K3 fails the
cuts for the Causality Condition.
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the track quality after mixing is a larger effect, resulting in 10 to 30% lower V° reconstruction
efficiency after mixing.
This has been studied with the Monte Carlo correction factor C,,.:

Ej mized _ ET

Cme Ej; single K° Monte Carlo 4 (5.1)
- Cc . var(Ej;)  var(EF}) _ 2 - cov(E3;, ET,)
ACpe = me E:.)2 E™ )2 e po (5.2)
(E1y) (E7y) 11 By
cov(Ejs, EFy) = \ﬁ)ar(E}f)\/var(E}'}) .r withr ~ 0.8 (5.3)

The Monte Carlo correction factor is approximately constant for 0.3GeV/c < p;(K°) < 5.0GeV/c
in the minimum bias and dimuon events and has about the same value (see table 5.4). The
formulae for the uncertainty of the correction factor take into account the correlation between
the ’single’ and ’merged’ efficiencies, because we compare the same Monte Carlo Kg — 7* 7~
event reconstruction before and after merging. The correlation coefficient r =~ 0.8, because after
mixing the efficiency drops by about 10-30%. The E}s, EYy correlation reduces the independent
statistical error by about 40%.

Table 5.4: The Monte Carlo efficiency correction factor as a function of kaon transverse mo-
mentum. The errors are statistical with the correlation of 80% taken into account.

pt(K°) range [GeV /c]: 02+ 03 03 =+ 0.5 05+ 1.0 1.0 = 3.0 3.0 5.0

minimum bias events 0.81 £ 0.02 | 0.80 £ 0.02 | 0.75 £ 0.02 | 0.75 £ 0.02 | 0.73 £ 0.02
dimuon events 0.82 &£ 0.02 | 0.75 £+ 0.02 | 0.74 & 0.02 | 0.74 &+ 0.02 | 0.70 &+ 0.02
dimuon events, K° in Jet | 0.76 3+ 0.04 | 0.72 + 0.03 | 0.70 + 0.02 | 0.63 + 0.02 | 0.56 + 0.02

The calculation of the Monte Carlo correction factor is summarized in table 5.4. This way
of presentation shows, that there is some dependence of the Monte Carlo correction factor
on the event topology. This is especially true for the higher K° momenta. The Monte Carlo
correction factor for the reconstruction of kaons in jets is more important for increasing transverse
momentum of the kaon.

Although the K° reconstruction suffers more in jets, the reconstructed jets themselves are
oriented in a more favourable direction. Therefore the K reconstruction efficiency with a kaon
in a jet has about the same value, within 2%, as the efficiency in minimum bias or in dimuon
events with a kaon outside a jet, see fig. 5.5. Consequently, after merging of single K° into a
real event, the K© reconstruction efficiency does not depend on the topology of the event within
2% accuracy. The losses of the V© finding cuts balance each other such, that at the end of the
K9 reconstruction chain we get the same efficiency for all types of events. The efficiency is, of
course smaller in mixed events than in the single K° Monte Carlo.

We conclude, that the Monte Carlo results for the single K reconstruction efficiency can be
used to calculate the cross sections. The single K® Monte Carlo efficiency has to be multiplied
by a factor of about 0.75 to correct for the systematic overestimation. If the K° appears in a
CD jet and p(K°) > 1Gev/c, the single K° efficiency has to be multiplied by a factor of about
0.60.

5.3.3 Comparison of the V° reconstruction efficiency with previous results.

We have plotted the single K reconstruction efficiency and our mixing results (minimum bias,
dimuon and jet dimuon) as a function of the K'° transverse momentum in fig. 5.5. These values
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can be compared to the efficiency obtained by Ciapetti et al. [44] for the minimum bias events.
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Figure 5.5: The K° reconstruction efficiency ([%]) as function of p:(K°®) ([GeV/c]). The values
have been integrated over —2.5 < y(K°) < 2.5 and 0 < ¢ < 2r. Single K° efficiencies and
the Ciapetti et al. [{4] results for minimum bias are shown for comparison. The data points
from Ciapetti et al. corresponding to the efficiency in the minimum bias events are plotted
at the beginning of the p; interval to emphasize the not uniform p:(K°) distribution in this
measurement.

In general, the single K and the Ciapetti et al. efficiency agree with each other, although
our mixing results are systematically lower. The Ciapetti et al. results agree better with our
calculations when their Monte Carlo overestimation factor of 0.89 is applied.

The Ciapetti et al. efficiency calculation deviates significantly only in the point 3 < p,(K3) <
5GeV/c from the single K° efficiency value. This deviation is due to a steeply falling transverse
momentum spectrum of neutral kaons in the minimum bias events, especially in this high p;
region. The efficiency of the minimum bias kaons at 3 < p; < 5 GeV/c is close to the efficiency
at p, ® 3GeV/c, because most kaons are produced at the beginning of the p; interval. In
conclusion, the systematically lower reconstruction efficiency obtained in the present work is
explained by the track reconstruction difficulties, which are more severe in the real events than
in the Monte Carlo generated events.

The agreement between the various efficiency calculation methods gives confidence in the
mixing technique used in the present analysis. We have found no statistically significant dif-
ferences in the A'° reconstruction efficiency between the minimum bias and the dimuon events,
see table 5.4. As can be judged from table 5.4 the same efficiency applies roughly for K%’s
generated in jets. In conclusion, the K'® reconstruction efficiency is rather independent of the

event topology.

5.4 Efficiency of K? reconstruction with the new cuts.

To use the new V° selection cuts we have to recalculate the V° reconstruction efficiency. The
efficiency for the reconstruction of a K2 — 77~ decay in the UA1 CD has been calculated using
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the mixing technique. A single K — n*n~ decay is generated in the CD and subsequently
merged into a real dimuon event. We present the K° reconstruction efficiency calculated under
the following conditions:

- A Monte Carlo K2 has been generated with a transverse momentum distribution deduced
from real single muon events (a p; distribution in real events is shown in fig 4.3). The K°
rapidity distribution is generated uniformly in the range —3 < y < 3 and the azimuthal
angle is also uniform in the full range 0 < ¢ < 27.

~ The production vertex of a Monte Carlo generated K° has been smeared around a primary
vertex obtained from a real event with the vertex error distribution obtained from real
single muon events.

— The new primary vertex has been fitted with the Monte Carlo generated tracks included.

—~ A Monte Carlo generated kaon has been merged into a real event only if it has been found '
by the VO-finding software in an otherwise empty detector.

The results of the efficiency calculation are summarized in table 5.5.

Table 5.5: Efficiency of the Kg — wt®~ reconstruction in % for an ezperimental
pe(K°) > 0.2GeV/c distribution, the V° impact parameter b < 3mm, decay plain orien-
tation |A\g| > 0.3 and several x? values, defined in eq. 4.1. The signal is in the window
m(K°) £ 20 MeV/c?. The errors are statistical.

xi>15 | x2>20 | x{>25 | x)>3.0 | x/>35 | x>40 | x?>45
190+£1.8 | 17917 | 17.1+£1.7}163+16|156.3+15}147+15|139+14

The results of table 5.5 cannot be compared directly to the K2 reconstruction efficiency
calculated with the old set of the VO selection cuts, because the efficiencies in table 5.5 have
been calculated for an experimental p,(K°) > 0.2GeV/c distribution. For this comparison we
calculated the efficiency (Eyy) for a flat distribution p;(K°) = 1 — 3GeV/c and a rapidity range
—2.5 < y < 2.5. Then for b < 3mm, |A4] > 0.3 and x? > 4.0 we obtain E;; = 23.8 + 2.4%
for a signal in m(K°) + 60 MeV/c? and S/B value of about 4. A larger mass window has been
retained to show the effect of the other cuts (mainly the x? > 4 cut). This efficiency and S/B
ratio can be compared to the value Ef; = 36.0 + 1.8% (see fig. 5.5) and S/B ratio of less than
1 for the previous set of the V-finding cuts [42].

Including the K2 — w*7~ branching ratio of 68.6% [25], we arrive at the reconstruction
efficiency for K2 mesons in the ranges —2.5 < y < 2.5and 0 < ¢ < % (with the cuts b < 3mm,
|Aq| > 3 and x? > 4) of:

E;s(pe(K2) > 02GeV/e) = (101 1.00%
E;i(p(K2) > 05GeV/e) = (14.6+0.6)% (5.4)

One might in addition use cuts on cosf™ and Py (see chapter 4). The efficiency for these cuts
can be calculated analytically, since these distributions are uniform. Note, that to obtain a
total efficiency for a K° reconstruction, the value in eq 5.4 has to be divided by 2 for the
K% — K2 + K7 process. For a detailed calculation of the K2 cross section we calculated the
reconstruction efficiency (E(p¢,y.)) as function of flat p,( K°), rapidity, and ¢ intervals. The
results are summarized in the Appendix A.
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Chapter 6

The inclusive ng cross section.

For the calculation of the inclusive K g cross section the ’single K©’ tables A(p:,y, ) have been
used as described in Appendix A. The efficiency of K2 reconstruction Ey; is given by

Ess(pt,y,8) = A(Pt,9,9) - Cme (6.1)

where the Monte Carlo correction factor (Cp,.) has been defined in eq. 5.1 and tabulated in
table 5.4. As discussed in chapter 5.3.2 the Monte Carlo correction factor is slightly dependent
on the kaon momentum and on the track density in the event. We have used Cy,. = 0.75 £ 0.02
and C,,. = 0.70 £ 0.02 for kaons with transverse momentum bellow 1 Gev/c and above that
value respectively and we used the same correction for kaons in jets. The systematic bias in
the cross section due to the choice of Cr,. is less than the systematic uncertainty due to the
variation in the integrated luminosity (15%, see chapter 3) and it will be discussed below.

The kaon background has been subtracted assuming the S/B ratio of 4.44+0.19 for all values
of transverse momentum. Although the background is somewhat higher for low momentum K'2’s
(i.e. below 0.5GeV/c, see chapter 4.4.2) we have neglected this difference for the cross section
calculation.

The inclusive K2 cross section in single muon events with p;(u) > 6 GeV/c has been calcu-
lated by summing up all reconstructed neutral kaons in a given (p;,y, ¢) interval. Then

do _ _ AN(p1,y,9)/(Ap:AyA¢) _ S/B
dpidyd¢ L-Ess(pt,y, ¢) S/B +1

(6.2)

where L is the integrated luminosity, (L = 556nb~!). The statistical errors due to the uncer-
tainties in the efficiency and S/B ratio contribute about 7% to the error in cross section in each
AN bin.

As described in section 3.6, the single muon event sample consists of events with stringent
cuts on the muon acceptance. The total sample with p;(u) > 6 GeV/c has up to 30% muons
produced in a heavy quark (b or ¢ quarks) decay. Up to about 70% of the events contain muons
produced in the decay of pions and kaons. The inclusive kaon cross section has been evaluated
in this single muon sample with p,(1) > 6 GeV/c and |n(u)| < 1.5.

The total inclusive K2 cross section in single muon events with p(1) > 6 GeV/c and |n(p)| <
1.5 has been calculated by integrating over the transverse momentum, rapidity and azimuthal
angle of the kaons in the ranges 0.2 < p; < 5.0GeV/c, —2.5 < y < 2.5 and 0 < ¢ < 27. There
are (uncorrected) 4380 (unique) neutral kaons in this sample giving:

Oror(pp— K2+ pu+ X) = 164417+ 25nb (6.3)
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Where the first error is statistical and the second is systematical. The total muon acceptance
of 0.29 £ 0.03 (see chapter 3.6) has been taken into account. In the statistical error we summed
up the errors from the efficiency calculation (see Appendix A) and the uncertainty of the muon
acceptance in quadrature. This procedure is justified by an approximate independence of the
errors in the adjacent entries of the efficiency tables. The largest contribution to the systematic
error is coming from the uncertainty in the integrated luminosity. The efficiency correction con-
tributes to the systematic error mainly by the uncertainty in the Monte Carlo correction factor
at ps(K°) < 1GeV/c. The half maximal difference between the entries of the Cp,. table 5.4 for
Pt < 1GeV/cis (0.82-0.7)/2=0.06, therefore the systematic error due to the efficiency correction
is estimated 0.06/0.75=8%. The total systematic error is obtained by quadratical sum of the
efficiency and integrated luminosity errors.

The differential cross section do/dp; is obtained by integrating eq. 6.2 over —2.5 < y < 2.5
and 0 < ¢ < 2m, dividing by the size of the p; interval. The results are given in table 6.1
and plotted in fig. 6.1a. The differential cross section do/dy has been obtained by integrating
eq. 6.2 over 0.2 < p; < 5GeV/c and 0 < ¢ < 27, dividing by the size of the rapidity interval
(Ay = 0.05); it is plotted in fig 6.1b.

Table 6.1: The inclusive differential do/dp, K2 production cross section in single muon events.

: Kaon rapidity and ¢ intervals are —2.5 < y < 2.5 and 0 < ¢ < 27. Single muon events contain
muons with p(pn) > 6GeV/c and || < 1.5. The muon acceptance factor of 0.29 £ 0.03 (see
chapter 8.6) has been taken into account.

p: [GeV/¢] f;’—t ﬁ; p: [GeV/c] ;“’;’—, '@%; pt [GeV/c] ij% ZT:‘%E "

0.2-0.3 208 + 24 1.1-1.2 5247 2.0-2.2 14.8+ 2.6

{{ 0.3-0.4 219 4+ 25 1.2-1.3 53+ 7 2.2-2.4 10.0 + 1.7
0.4-0.5 162 + 19 1.3-1.4 46 + 6 2.4-2.6 9.0+1.7
0.5-0.6 138+16 || 1.4-1.5 40+ 6 2.6-2.8 48+1.1
0.6-0.7 122 + 14 1.5-1.6 33+5 2.8-3.0 52+1.2
0.7-0.8 97 + 12 1.6-1.7 26+ 4 3.0-3.2 59+1.2
0.8-0.9 81410 1.7-1.8 26 + 4 3.2-34 59+1.8
0.9-1.0 68+ 8 1.8-1.9 19+3 3.4-3.8 2440.7
1.0-1.1 7319 1.9-2.0 18+3 3.8-4.2 2440.7
4.2-4.8 14404

A comparison will be made with the inclusive K2 production in the minimum bias events.
For that aim we transformed the do/dp; differential cross section into an invariant form F %‘5’- [47]
(E, p are the kaon energy and momentum) by using an approximate constancy of the do/dy

spectrum.
o 1 d?%¢ 1 do 1 do

dp® ~ 2rpdpdy = 10mpdp,  5mdp?
In this equation after the = sign we integrated and averaged over ~2.5 < y < 2.5and 0 < ¢ < 2r.

For the comparison of the inclusive K2 production in single muon events (1u) with the
inclusive K production in minimum bias events (m.b.) we normalized the invariant cross section
(eq. 6.4) to the total inclusive single muon cross section of 124 nb discussed in section 3.6. The
quantity -5;3'—“%%-( 1p2) has been plotted together with the quantity m%(m.b.) from ref. [44]

in fig. 6.2, where onsp is the total non-single diffractive cross section: onsp = 42+ 1mb [48].

Note that the value for onysp has been derived for p, — 0, whereas the inclusive I\"g- Cross
section has been normalized to the inclusive single muon cross section with ps(1) > 6 GeV/e.

E (6.4)
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Figure 6.1: The inclusive differential do/dp; (a) and do/dy (b) K production cross section in
single muon events. The kaon rapidity and azimuthal angle intervals are —2.5 < y < 2.5 and
0 < ¢ < 2r. The kaon transverse momentum interval is 0.2 < p; < 5.0 GeV/c. Single muon
events contain muons with p;(p) > 6 GeV/c and [n(p)| < 1.5.

This difference is explicit in the comparison of the K 2 multiplicity in the minimum bias and in
the single muon events. The K 2 multiplicity < ngo > is the number of kaons per event after
the efficiency correction. In single muon events we have

p(K2) > 02GeV/c |y| <25 (6.5)

<nge >= 1.31£0.02%0.1

where the first error is statistical and the second is systematical, taking in account the uncer-
tainty of the Monte Carlo correction factor.

In minimum bias events the kaon multiplicity is < ngg >= 0.64 + 0.06 (ly] < 2.5) [44], this
value is extrapolated to p; — 0. It is not possible to compare our result at pi(K2) > 0.2GeV/c
(eq. 6.5) directly with the K2 multiplicity in minimum bias events. However the differential
K9 cross section in single muon events falls less steeply than the differential K cross section
in the minimum bias events. Since the main contribution to the kaon multiplicity comes from
low energy kaons we conclude, that low energy kaon production in the single muon events is
compatible (within a factor of order unity) with the kaon production in the minimum bias events.

There is a difference in production of high energy kaons, however. The single muon data
presented in fig. 6.2 allow for a conclusion, that in the single muon events there is an additional
source of high energy kaons, compared to the minimum bias events. In general, the kaon
production in single muon events is expected to be higher, because the track density in single
muon events is larger than in minimum bias events. The K /%° ratio has been found to be
about constant (about 0.1) over a wide range of the Collider energies [49]. The high momentum
particles in single muon events are produced in jets. Therefore the less steep fall of the K2 cross
section observed in fig 6.2 can be attributed to kaon production in jets.
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Figure 6.2: Comparison of the K production in minimum bias (black squares) and single muon
(open circles) events. The differential cross section do [dp? has been normalized to 0,0,(1p) (see
chapter 3.6) for the single muon events and to the total non-single diffractive cross section onsp
for the minimum bias events.
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Chapter 7

ng production in jets.

7.1 Introduction

It has been concluded in chapter 6 that high energy kaons are produced in jets. In this chapter a
study of the topological and kinematical properties of kaons in jets is presented. The aim of this
study is to identify the quark producing the jet with neutral kaons, in particular to establish a
signature for heavy quark production with kaons, as it is done presently with the muons.

It has been found in previous studies that if a muon with a high transverse momentum
appears inside a jet of particles, i.e. not isolated, it is likely to come from a semi-leptonic decay
of a heavy quark [10] [39]. A Monte Carlo study of the heavy quark production reveals that
this jet contains particles from the initial fragmentation of the heavy quark and the subsequent
heavy quark meson decay. A statistical separation of the events with the bb and c¢ quarks is then
possible, using the transverse momentum of the muon relative to the jet axis (p;') in the Central
Detector (CD) [10]. As compared to the jets detected in the calorimeter, the CD provides a
better measurement of the jet axis. The event separation is based on the mass difference of
the b and ¢ quarks. Heavy flavour separation from decay background is also possible with this
technique, because the background muons from light quarks will have a rather low p7¢ (1) value.

Heavy quarks are created in pairs. Since the data selection requires only one muon, the other
quark is expected to decay mainly hadronically. If the heavy quarks are produced in the QCD
process of flavour creation, this second jet will balance the first muon jet in the CM system of the
hard scattering process. Therefore in this case the balancing jet (jop) from another heavy quark
can be identified in the real data by applying the topological condition ¢(j,p) = ¢(j,) £ 180°,
where ¢ is the azimuthal angle with respect to the direction of the beam.

Two kaon properties have been considered for use to identify the quark producing the jet:
the multiplicity of neutral kaons in the jets and the pi®(K2) of neutral kaons with respect to
their jets in the CD. A special study is devoted to the p}*/(K2) in events selected with a leading
kaon in the jet. Selection of leading kaons should minimize dilution of p;* in chain decays of the
heavy quarks. After the selection of events with a leading kaon in a jet we have studied again
the muon p}¢(u) distribution in these events. Larger value of p{*/(u) after this selection would
imply a smaller decay background contribution in these events.

This chapter is subdivided in three main sections. In section 7.2 we start with a summary
of the data selection. We have chosen a real data sample with pi(u) > 7GeV/c and p:(K2) >
0.5GeV/c, because the statistics did not allow to use a cleaner sample with p;(u) > 10GeV/c
and p/(K2) > 1GeV/c. The full data sample with p;(1) > 6 GeV/c has also been used to study
the heavy flavour production. A larger value of kaon transverse momentum is favourable for
selection of a kaon produced in a jet. Nevertheless, section 7.2.5 contains a comparison of the
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absolute numbers of selected events with the expectations from the heavy flavour production.
Then, the analysis of kaon properties in jets containing a muon and their balancing jets proceeds
along two main lines.

First, in section 7.3 the kaon production is studied in Monte Carlo generated data. The Monte
Carlo program (ISAJET 5.23) is tuned to reproduce the real single muon data [10], therefore we
expect it to give a realistic description also for kaon production. The same selections as in the
real data have been applied in the Monte Carlo generated events; then the K2 multiplicity in
jets (section 7.3.3) and the p}*/(K2) in jets (section 7.3.4, 7.3.5) are studied for jets of different
origin.

Second, in section 7.4 the K properties acquired in the study of the Monte Carlo generated
events have been compared to K g- properties measured in real single muon events. In particular
we compare the muon p}®(u) with respect to the muon jet containing also a K’ 2 in it with the
Monte Carlo predictions (section 7.4.2). Finally, the kaon selection is attempted in a real event
sample with more background, containing muons with p,(x) > 6 GeV/c (section 7.4.5).

7.2 Selection of the data sample.

7.2.1 The p and the calorimeter jet selection cuts.

The inclusive muon data used in the present analysis consists of about 20000 events with p;(u) >
6GeV/e, |n(u)| < 1.5 and with tight cuts on the muon track reconstruction, see chapter 3.6. We
have used mainly p events with p:(u) > 7GeV/c; this sample contains (55 = 10)% background,
mainly from the m/K* decays [39). :

Calorimeter jets (jca) in the single muon events have been selected with the requirement
Ei(jca) > 10GeV. All jets have been validated with a CD track or a neutral kaon, both with
pt > 0.5GeV/c and within a cone around jc4 of AR < 0.4. There are approximately 3% of
jets above E; > 10GeV validated by a K2 only, without any other suitable track within the
AR = 0.4 cone. The jets are defined using the standard UA1 jet algorithm; the E,; value of the
jet is the uncorrected value from the jet algorithm.

7.2.2 Selection of the non-isolated muons.

To measure the muon p}®(u) with respect to its jet, it is important to define the proper jet
axis. The CD jets are used in this case since they have better spatial resolution than the
calorimeter jets. Spatial resolution is measured by AR = \/Ay? + A¢?, where Ay and A¢ are
the differences in rapidity and azimuthal angle, respectively, between the jet initiator and the
other tracks.

The muon jet should have at least one track (t) with p;(t) > 1 GeV/c, otherwise the jet axis
will not be determined properly and the p}*(u) will anyway be low. This jet should also not
be too wide, since the muon will have a large p{”(u) in a wide jet. To incorporate jet features
properly the CD jets in single muon events have been recalculated.

A standard UAL1 algorithm for CD jet finding has been employed with two modifications: a)
the muon tracks are skipped in the initial jet definition, b) the neutral kaons are accepted as jet
particles and their secondaries are not used. The CD jet parameters are then chosen as follows:

— jet initiator is a CD track or a K¢ with rapidity |y| < 2.5 and p, > 1GeV/c, which
defines the initial jet axis jop

~ additional tracks or KJ’s are added to the initiator vector, if they are within a cone around
Jep of AR < 0.4. Moreover, pi(track) > 0.1GeV/c and p;(EKQ) > 0.2GeV/e.
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The higher p, threshold for the kaons (0.2GeV/c, as compared to 0.1 GeV/c) is introduced to
obtain a reliable K2 reconstruction [42].

Only those single muon events are selected, for which there is a CD jet defined as above
within a cone of AR = 0.7 to the muon. This selection follows a study by Jimack [39] who
shows that the distance between the muon and its jet in the R-space larger than 0.4 is due to
a side kick of the muon in the heavy flavour (semi-leptonic) decays. The cone of AR = 0.7 is
large enough to contain the muon with p; > 7GeV and the other charged particles of the jet;
for ps(u) > 10GeV/c this cone size could even be reduced to AR = 0.6._The initial quark
direction is represented by the vector sum of the jcp and the muon: Jp = jop + E. The muon
p;® is measured with respect to this new axis.

Furthermore, the transverse mass m; of the jet jcp is calculated. The transverse mass is
defined by m:c = Tpr(t;), where pi¢ for each track i in the jet is measured with respect to
ju- Only events with m; < 2GeV/ ¢? are selected for the present analysis, since large transverse
mass is an indication for mixing of two jets. Two jets close to each other can be created in
higher order QCD processes, like gluon splitting. Gluon splitting may distort the muon-jet
measurement, when the second jet is close to the muon [10]. Also a jet from final state gluon
bremsstralung might merge into the heavy flavour jet and distort the measurement of prel. Also
the measurement of K2 multiplicity in such jets is biased.

Muons inside the j, described above, passing the m; < 2GeV/ ¢? cut, are called non-isolated.

We stress at this point, that the inclusion of the neutral kaons in jets is important for our
data analysis. About 6% of the non-isolated muons in our data sample (564 events, see table 7.1)
are not isolated due to a neutral kaon. This number is low, but the contribution from the events
with a muon not isolated due to a high momentum kaon near to it is significant for the present
analysis. We will discuss these jets in section 7.4.2.

7.2.3 Selection of the muon balancing jet.

As mentioned in the introduction to this chapter, heavy quarks are produced in pairs, creating
a special topology of the events. In our event sample one heavy flavour jet is tagged by a muon,
the other one may be found by other means.

Events with one or more jets outside AR = 1 from the muon should have jets arranged in a
way to balance the muon jet in the CM system of the hard scattering process. For first order
QCD process of flavour creation the balancing jet is initiated by the other heavy quark. For
higher order QCD processes more jets are created in addition to the muon jet. For instance in
gluon splitting processes, two jets correspond to the heavy quarks and the third one is the recoil
gluon. The selection of the other heavy flavour jet is difficult in this case. Therefore we are
interested primarily in the first order QCD processes. Moreover, the selection of muons with
pe > 7GeV/c (instead of p; > 10GeV/c as used by Albajar et al. [10]) favours the first order
processes (see section 7.3).

The p-balancing jet (j,p) has been selected among the calorimeter jets with the azimuthal
angle ¢(jop) = #(j,) £ 180°. We allow an uncertainty of 30° in the azimuthal angle definition. If
several calorimeter jets satisfy these requirements, we select the jet with the transverse energy
that best matches the transverse momentum of the muon: E;(jop) ~ pe(p)-

Albajar et al. [10] used another selection of the opposite jets in the bb/c€ analysis with muons
of p; > 10GeV/c. In that study the balancing jet is the one with Ei(jca) = maz for all jets
outside the cone AR(i,jca) = 1. The balancing jets selected with the Ey = maz criterion tends
to have A@(p,jca) = maz — 180°, compatible with the calculation for the first order QCD
process of flavour creation.
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A deviation from the A¢ = maz rule is expected for the higher order QCD processes, which
are less important for the events with the low energy muons (lower than 10 GeV/c). In only 3%
of events a different decision has been taken by the present algorithm. Our selection is slightly
tighter, we loose about 10% of the events compared to the Albajar et al. algorithm. Requiring
a fast topological condition ¢(j,p) = ¢(j.) + 180° rejects more background events than heavy
flavour events, whereas the selection with E;(jc4) = maxz is always satisfied in jet events. There
is of course more background in the sample with muons of 7 < p, < 10GeV/c. A calorimeter
jet with the required properties could be found in nearly 40% of the single muon events.

In summary, about 40% of the events have the required j,, topology; nearly 40% had no
calorimeter jet with the required energy and 20% of the events had no recoil jet topology, as
measured in the data sample with the non-isolated muons.

7.2.4 The K2 selection cuts.

The present study uses a set of selection criteria for kaons, which give a high S/B ratio for the
K2 reconstruction, see chapter 4. In summary the selection is:

— Impact parameter: (b/Ab)?2 > 4 for an individual track and b(V°®) < 3mm for a V°
— The cosine of the 7*7~ decay plane angle with respect to the z-axis: |A\g] > 0.3

— Mass window: m(K2) = 498 + 20 MeV/c?

— Kinematics:  p(K2) > 0.5GeV/c and |y(K2)| < 2.5 (see fig. 7.1)

With the above selection criteria for the kaon signal we obtained in the single muon events a
signal to background ratio (S/B) and an efficiency (E;) for the K3 reconstruction (see chapters 4
and 5):

S/B(p; > 0.5GeV/c) = 4.4 + 0.2 (7.1)
Efs(pt > 0.5GeV/c; |yl < 2.5) = (14.6 £ 0.6)% (7.2)

The above cuts allow for about 18% background from random track combinations satisfying
the V° selection criteria. The quoted efficiency includes the K — n+x~ branching fraction. (It
does not include the K° — K§+ K branching fraction). Only unique K3’s have been selected.
The fraction of ambiguous K¢ is less than 3%. These efficiencies have been determined for an
inclusive experimental p,(K2) > 0.5GeV/c spectrum and a flat rapidity and azimuthal angle
range: |y(K2)| < 2.5,0 < ¢ < 180°.

7.2.5 Data selection summary and expectations for a bb/c¢ signal.

The initial data sample consists of ~ 20000 single muon events. Table 7.1 summarizes the
individual steps in the selection. After the selection of K3 with p; > 0.5GeV/c and rapidity
lyl < 2.5 we are left with 2187 events. Some events contain more than one neutral kaon, the
total number of neutral kaons, unambiguously defined is 2433. Further restriction to events with
non-isolated muons of p;(u) > 7GeV/c leaves us with 564 events. The recoil jet topology with
E(jca) > 10GeV exists in 282 of these events.

The 282 events with j,, jop, and K¢ might still have approximately 50% of muon background,
as before the kaon selection. The kaon background is about 20%. About 120 events are expected
to be left after this background subtraction. The kaons in these events are not necessarily
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Table 7.1: Selection of events. The cuts are cumulative.
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Figure 7.1: The inclusive p; and rapidity spectra of kaons in the single muon events.

Table 7.2: Estimation of the number of
neutral kaons in the heavy flavour events.

selection number
of events

initial sample

pe(p) > 6GeV/c; tight u cuts 19724

Kaons p,(Kg) > 0.5GeV/c

ly(K2)| < 2.5 2187

muons p,(u#) > 7GeV/c non-isolated 564

Jet E¢(jca) > 10GeV 388

Recoil Jet E;(jca) > 10GeV 282

35

reduction factor number
of events
initial sample =~ 20000
muons p:(p) > 7GeV/c
| non-isolated =~ 5000
Background 55% subtracted | =~ 2250
fraction of K¢ per event 0.3 | =~ 675
K¢ reconstr. Efficiency 14% | =~ 100




produced in jets, however. The Monte Carlo study shows, that about 30% of kaons are made in
the underlying event, see section 7.3. Thus about 85 K2 in jets are expected in the real data.

On the other hand we can calculate the expected number of neutral kaons from the bb/cc
signal. The number of heavy flavour events is obtained after the muon background subtraction
(2250 events). A bb or a cé initiated jet produces (at a certain jet energy) a K3 with probability
about 0.15 per quark, see section 7.3, table 7.6. Heavy quarks are produced in pairs, therefore
we expect 0.3 K3’s per event.

The calculation of the expected number of events is summarized in table 7.2. From the
initial sample and after background subtraction we are left with about 2250 single muon events
with py(u) > 7GeV/c. The reconstruction efficiency for K2 with p, > 0.5GeV/c is about 14%.
Therefore we are left with about 100 events with a K2 from the bb/c¢ sample.

The expectations for the bb/cé production are thus compatible with the measured number
of events. However, as mentioned before not all kaons in the real data sample have to come
from the heavy quarks. An other uncertainty is the muon background. In the p + K2 sample
it could be less than the assumed 55%. On the other hand the probability of K2 production in
the heavy flavour jets depends on the energy of the jet. In conclusion, the expected number of
the events and the measured number of the events are compatible within a factor of 2 or better.

For the calculation of the K% multiplicity in the next sections we used a normalization on the
number of jets in a sample with |y(K2)| < 2.5, p(#) > 7 GeV/c non-isolated, E¢(jca) > 10 GeV
and p:(K2) > 0.2GeV/c, instead of p,(K3) > 0.5GeV/c. This was done to avoid a possible bias
of the jet distribution, which would occur if neutral kaons would be predominantly produced in
certain jets and not produced in the others. Therefore the transverse momentum cut has been
lowered to allow for a larger fraction of neutral kaons from the underlying event in the sample.
There are 525 events in a sample with p;(K°) > 0.2GeV/c, as compared to 388 events with
p:(K2) > 0.5GeV/e.

7.3 Monte Carlo study of K properties in jets.

7.3.1 Monte Carlo event generation.

In the present analysis we used the ISAJET 5.23 bb and c¢ production [41]. The generation
of the heavy quarks was performed via direct QQ creation, through flavour excitation and by
gluon splitting.

The events have been generated with the p; of the 2 — 2 hard scattering process (p}*™?) in
the range between 8 and 70 GeV/c. Below pf%™ = 10 GeV/c the contribution from the gluon
splitting process tends to be low. In the Monte Carlo sample used for p{“‘"d > 10GeV/c, the
heavy quarks have been generated for 1/3 by the process of flavour creation, for 1/3 by the
process of flavour excitation and for 1/3 by the process of gluon splitting.

About 10 pb~! of data has been generated and passed through a complete detector simulation.
In the Monte Carlo study we used events with a muon p;(u) > 10GeV/c. For the real data we
used all events with p,(u) > 7 GeV/c to improve the statistics. We do not expect large deviations
in the conclusions due to this difference. The K2 and the jet selection in the Monte Carlo data
is identical to the selection in the real data. Since the p;(x) is higher in the Monte Carlo data,
we used a cone size of AR(u,jcp) < 0.6 to select events with the non-isolated muons (instead
of AR < 0.7 as was used in the real data).

In the Monte Carlo data the calorimeter and the CD jets have been associated to their
initiator quark by choosing the quark with the minimal angle a between the quark momentum
and the momentum vector of the jet: in any case a < 30° was required. We remark, that it also
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possible to search for the nearest quark with the AR variable, with compatible results. This
procedure of attributing a jet to a quark, by selecting the closest quark, has been chosen to
approximate the selection of jets in real events as much as possible. In real events particles are
assigned to a jet if they appear close enough to a jet initiator — a high momentum particle. In
real events and in the Monte Carlo data after the detector simulation, some of the jets might be
created as a detector effect, bearing no relation to a quark. For E(jca) > 10 GeV and validated
(see section 7.2) about 85% of the calorimeter jets correspond to a quark [39].

Thus, in 15% of the jets reconstructed in the calorimeter, no quark within & < 30° was found;
therefore we have not assigned any identity to such jets. Table 7.3 summarizes the distribution
of jets in this Monte Carlo data. The entry named q(uds) consists of 61% u-quark, 30% d-quark
" and 9% s-quark. The contribution from s-quark is low in this Monte Carlo.

Table 7.3: Jet-parton association in the bb/cé ISAJET Monte Carlo after reconstruction in the
detector. The entry q(uds) consists of 61% u-quark, 30% d-quark and 9% s-quark.

quark q(uds) cé bb gluon no assignment
fraction | 18.1 £0.8% | 13.3+0.7% | 22.9+0.9% | 30.5+ 1.0% 15.2 + 0.7%

The jet balancing a muon jet has been selected the same way as in the real data. In about
61% of events the balancing jet was initiated by a light quark or a gluon (26% light quark and
37% gluon jet) and not by a heavy quark.

In the Monte Carlo data it is, of course, possible to identify all particles coming from one
and the same quark and assign them in one jet. This is an ideal case of a jet selection, which
we performed using the Eurojet Monte Carlo program. The Eurojet program was necessary to
study the production of kaons in an s-quark initiated jet, see section 7.3.3.

7.3.2 General properties of the Monte Carlo data.

We enriched the sample with bb or ¢ events in the Monte Carlo data using i (p). Ta-
ble 7.4 gives the results. On the average, the bb initiated muons will have a larger p{® value
(< pi(p) >= 0.78 GeV/c), than the cC initiated muons (< pi¢l(p) >= 0.51GeV/c). Note that
the real data will contain also a large portion of the muon background in the sample with
pr(u) < 0.6 GeV/c, because the background muons, which are produced in n/K decays, will
also have rather small p}® values (< pi(u) >=~ 0.5 GeV/ec).

Table 7.4: Heavy Flavour separation in the Monte Carlo data using i ().

selection cé bb
Pi(n) > 0.6GeV/c | 14.8+1.4% | 85.2£4.2%
pil(n) < 0.6GeV/c | 40.3+2.5% | 59.7 + 3.3%

There is no contribution from the muon background sources in this Monte Carlo data, unlike
in the real data. The K2 production probability is not significantly different for the b and c-
quarks, see section 7.3.3. Therefore the p;® of the muon does not change after the K 2 selection:

<pi(u)> = 0.655 + 0.008GeV/c (7.3)
AR(u, K2) < 0.7 < pi(u)> = 066+ 0.02GeV/c (7.4)

Kaons in an event are expected to come from three main sources. In the first place kaons
are produced in the fragmentation process of the spectator partons, which did not take part in

57



the hard scattering process (underlying event). These kaons are expected to be soft and tend to
have rather large rapidity, therefore the majority of kaons from the underlying event will remain
inside the beam pipe. The reconstruction efficiency for kaons with rapidity above 3 is rather
low. Nevertheless, the multiplicity of kaons from this source in an event is so high that it is the
main background in the study of the kaons produced in the hard scattering process.

The second source of kaons is the fragmentation of gluons and quarks produced in the hard
scattering process. The third source is the decay of heavy quarks. The kaons from the last two
sources are expected to be aligned to the jets created by the outgoing quarks. To study the hard
scattering processes with the kaon signal it is necessary to separate the underlying event kaons
from the kaons produced in the hard scattering via quark decay and fragmentation. Table 7.5
lists the contribution from the underlying event and from the different quarks in the bb/cé Monte
Carlo data. In conclusion, as much as 95% of the kaons in a (calorimeter) jet are produced by
the gluon or quark that creates the jet as is shown in the last row of table 7.5. The reduction
of the background kaons from the underlying event is achieved mainly by applying the AR cut.

Table 7.5: K2 sources for several cuts for the ISAJET Monte Carlo after the detector simulation.

selection underl.event gluon u,d,s-quarks ¢c bb
pe(K2) > 0.2GeV/c 375+1.0% [ 259+08% | 85+04% | 6.5+04% | 21.6 £0.7%
pt(K3) > 0.5GeV/c 3256+1.1% [ 245+1.0% | 83+£05% | 7.9+0.5% | 26.8+1.0%
p(K2)>05, lyl<25 | 292+1.6% | 2568+15% | 9.1+08% | 89+08% | 27.0+1.6%
pe(K2) > 05, |y < 2.5

and AR(Kg,jCA) <07 51%x12% |23.7£29% | 14.7+£2.2% | 15.6 +£2.3% | 40.9 + 4.1%

7.3.3 K multiplicity in the Monte Carlo data.

Exact first order calculation using the Eurojet Monte Carlo program has been performed to
compare the K2 production probabilities for different types of quarks. No detector simulation
has been done in this case. In the Eurojet program we traced the particles to their parent quark,
therefore the jet was very well defined as a bunch of particles from one quark only. The K2
production probability per quark type is summarized in table 7.6. The jet width was AR = 0.7;
particles from the same quark outside this cone were rejected.

Table 7.6: The probability of K2 production ("_WMME&Q) for jets originating from different

num. quarks

quarks (q). Data has been generated with the Eurojet Monte Carlo program. No detector simulation has
been applied.

gluon u-quark d-quark s-quark c-quark b-quark

0.21+0.01 | 0.13+0.01 | 0.15+0.02 | 0.28+£0.03 | 0.15+ 0.01 | 0.16 & 0.01

The probability to create a kaon in the s-quark initiated jet is larger than for all other quarks.
‘The probability for the ¢ and bb is about the same as for the u and d-quarks. Note, that no
distinction has been made for heavy quarks decaying semileptonically.

The calculated probability for the K° production in jets depends on the fragmentation
scheme used in the Monte Carlo program. For the fragmentation of the heavy quarks Eurojet
and ISAJET use both the Peterson et al. function [24]. The fragmentation of a gluon is treated
differently, however. In Eurojet the gluon is split in a quark-antiquark pair and tlese two
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quarks are fragmented in one jet [22]. Therefore the probability of K° production in the gluon
jets is higher than in an u-quark or a d-quark jet. The ISAJET Monte Carlo program fragments
instead the gluon like a light quark of random flavour [10]. Therefore ISAJET produces kaons
in the gluon jets with lower probability, compared to the Eurojet calculations.

The exact probabilities for kaon production in jets will depend also on the energy of the
quarks producing the jets. Since quarks with a higher energy will have in general a longer
fragmentation chain, they can produce also more neutral kaons. Jets from higher energy quarks
are also more collimated, therefore more particles will find themselves inside the AR cone and
the probability to find a kaon in the jet is higher. Therefore we do not rely heavely on the
Eurojet predictions for comparison with the real data. ISAJET predictions are used instead,
where the energy of the processes has been tuned to reproduce the real data (see section 7.3.1).

For the ISAJET Monte Carlo data and the real data we used a more practical definition of
the kaon multiplicity. The K2 multiplicity in the jet initiated by a quark q (a < 30°) is defined
by
number of K2 with AR(K2,j,) < 0.7

number of j,

K2 multiplicity = (7.5)

For technical reasons we used the number of jets after the selection of kaons with p,(KZ) >
0.2 GeV/c, instead of py( K3) > 0.5GeV/c. It is assumed, that the jet distribution is not changed
by the presence of a kaon somewhere in the event.

The ISAJET multiplicity of the K¢ production in the muon jets and the recoil jets originating
from the indicated quarks is summarized in table 7.7.

Table 7.7: The K% multiplicity in the ISAJET Monte Carlo data for jets of different origin.

selection | multiplicity | multiplicity

muon jet j, | recoil jet jo,
bb 0.20 £0.01 | 0.15+0.02
cC 0.17 £ 0.02 | 0.09 + 0.04
gluon 0.10 £ 0.01
q(uds) | 0.08£0.01

In table 7.7, it seems that the K3 multiplicity in the recoil jets is lower than in the muon
jets. The K2 multiplicity in the gluon jets is a factor 2 lower than in the muon jet initiated
by a b-quark. The K¢ multiplicity in the u-quark jet is the same as in the gluon jet. The 3
multiplicity in the bb and the ¢ jets is about the same.

In table 7.6 the probability to obtain a kaon in a gluon jet is higher than in a bb jet. All other
probabilities, except for the s-quark are about the same. The differences between table 7.6 and
table 7.7 can be explained by the differences in the fragmentation model as mentioned before.
We have used also a different normalization procedure in both tables and the different selection
procedures to obtain the data. As explained before, ISAJET data selection is closer to the
experimental situation. Therefore we prefer to use the ISAJET simulation for the analysis.

In summary, we expect up to factor 2 difference in the Kg multiplicity between the muon
initiated heavy flavour jet and an u-quark or a gluon jet. The differences in the jets not tagged
by a muon are less certain and, within the statistics, we expect about the same multiplicity for
all types of jets.
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7.3.4 p!*(K2) in the Monte Carlo data.

We have analyzed the relative p; of a neutral kaon with respect to the calorimeter jet axis.
The < pf*(K2) > measured with respect to the calorimeter jet axis has been compared to the
< pi¥'(K2) > measured with respect to the axis build from the calorimeter jet and the closest
CD-jet. The CD-jet has been selected the same way as for the non-isolated muons with the
separation AR(jca,jcp) < 1. The jet axis is then 7 = jou4 + jop. The required CD-jet could
not always be found, however. The p;¢(K 2) was about the same within the errors.

The results from the ISAJET Monte Carlo after the detector simulation are shown in ta-
ble 7.8. Recall, that j, is a CD-jet containing a muon, whereas j,, is a calorimeter jet.

Table 7.8: The p;*'(K2) in the ISAJET Monte Carlo data for jets of different origin. Number
of events is given in the parenthesis.

selection muon jet j, recoil jet jop

< p(KD) > [GeV/d] | < pil(KD) > [GeV/c]
bb 0.51 £ 0.02 (204) 0.53 +£ 0.04 (53)
cc 0.38 +£ 0.04 (65) 0.53 +0.11 (12)
gluon 0.55 £ 0.04 (106)
q(uds) 0.46 + 0.03 (58)

There is no difference between the relative transverse momentum of a neutral kaon in a
gluon or a bb jet and in general not between the recoil jets of the heavy flavour decay. There is
a difference in the muon jets between the < pj*/(K2) > in the bb and the ¢ initiated jets. The
errors in the averaged pj® have been calculated from the formula o = (r.m.s.)/v/N, where N is
the number of events in the sample. Since this formula is rather inaccurate for low statistics,
we give the number of events in parenthesis. Note, that the figure for p}¢ in the ¢ recoil jets
is not very representative, since there are only 12 events in this sample. The Eurojet program
without the detector simulation gives < p{*(K2) >= 0.43 £ 0.005 GeV/c for the cZ events, the
other Eurojet results for the p{* are compatible with table 7.8.

7.3.5 plY(K2) for a leading K2 in the Monte Carlo data.

As mentioned in the introduction, the p*(x) has been successfully used to separate the heavy
flavours [10]. With kaons, however, the differences in p;*/( X$) are masked by a long decay chain.
A K3 is likely to appear after several other decays, which dilutes the effect of the pj*(K2)
selection. Selection of events with a leading kaon in a jet might improve on this situation.

A leading kaon is determined by the comparison of its p; with the transverse momenta of
other particles in the CD-jet. A kaon belongs to a jet if AR(K2,5) < 0.7. For kaons in the
muon jets j,, we compare the kaon p; to all tracks except the muon. For the calorimeter jets
we select jop closest to the jco4-axis, but not outside the AR = 1 cone.

In a muon jet, we call a kaon leading, if it has a p; larger than all other particles in the jet,
excluding the muon. In the other jets we count all the particles, and a kaon is less likely to be
leading.

Leading neutral kaons are created in less than 5% of the jets in the Monte Carlo data.
We calculate the probability to obtain a leading kaon, normalized to the number of kaons in
a jet. Table 7.9 summarizes these probabilities in the muon jet and in the recoil jet. Almost
50% of kaons in the muon jet are leading, whereas in the recoil jet (or in jets in general) this
percentage drops to less than 30%. Especially the u-jets are not likely to produce a leading
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neutral kaon, probably because the leading neutral kaon in u-jet must come from a K* decay
(see entry q(uds) in table 7.9, which contains for 61% an u-quark contribution). Hence, for the
recoil jets the percentage of the 'next to leading’ kaons has been calculated. We call a kaon ’next
to leading’, if there is exactly one track in the jet with p; larger than the transverse momentum
of the kaon. The ’'next to leading’ kaon kinematics in jets without a muon corresponds to the
kinematics of a leading kaon in the muon jets, where we do not count the muon when determining
the kaon leadership. As summarized in table 7.9 the percentage of the 'next to leading’ kaons is
about the same as the leading kaons, except for the u-quark jet, where the increase is factor 3.
In total, the percentage of the leading+’next to leading’ kaons in the recoil jets are about 50%
for the bb and the gluon jets. This is compatible with the percentage of leading kaons obtained
in the muon tagged jets. This percentage is lower for the u-quark jets (a total of 34%) and
perhaps also in the c-quark jets (22 + 14%).

Table 7.9: Percentage of the Monte Carlo generated kaons that are leading and ’nezrt to leading’
in different types of jets.

selection | muon jet j, | recoil jet jop recoil jet jop
leading K2 | leading K2 | 'next to leading’ K2

bb 481+ 6 24+£7 32+9

cc 46 + 10 718 15+ 12

gluon 28+ 6 26+6

q(uds) 9+4 25+ 7

We have calculated the p7*(K$) for the leading kaons in the muon jets. In view of the low
statistics we have combined the leading and the 'next to leading’ kaons for the calculation of
pr¢(K2) in the recoil jets. The results are presented in the table 7.10.

Table 7.10: The mean p{el(Ix’g) for leading and ’nezt to leading’ kaons in the ISAJET Monte
Carlo data for jets of different origin. Number of events is given in the parenthesis.

selection muon jet j,

leading kaon

recoil jet j,p
leading + ’next to leading’ kaon

< pl(K]) > [GeV/c]

< pi(KD) > [GeV/d]

bb 0.61 £ 0.04 (99) 0.56 £ 0.1 (27)
cé 0.35 % 0.05 (33) 0.40 + 0.60 (3)
gluon 0.34 £ 0.06 (53)
q(uds) 0.54 £ 0.13 (18)

There is a clear difference in the mean p[*/(K2) between the bb and the ¢ u — tagged jets.
In the recoil jets, gluon jets seem to have lower < pi*/(K$) > than the bb jets.

We expect that the selective power of the p{°/(K2) variable is higher in the u — tagged
jets than in the recoil jets, because the latter are calorimeter jets and the jet axis is not very
well defined. For the muon jets in the Central Detector, there is a high p; muon track, which
approximates closely the original quark direction. A calorimeter jet defines this direction with
less precision. The CD-jets supporting a calorimeter jet are unlikely to define a proper jet axis
either, because in the absence of a high momentum track this jet might contain a substantial
contribution from neutral particles, not seen in the Central Detector. In addition to the difficult
jet axis determination in the recoil jets, we have quite low statistics available for the present
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analysis. In conclusion, the leading kaons can be used for the event study only in the muon jets,
where they might complement the information obtained from the p[*(u).

We have checked the effect of the selection of the leading kaons in the bb/cz jets on the il (w)
in these jets. We obtained < pj®/(u) >= 0.58 + 0.03 GeV/c in the sample with leading kaons
and < pi¢(p) >= 0.70 £ 0.04 GeV/c in the sample with non leading kaons. This unexpected
decrease in the average p[*(u) in the sample with a leading kaon in the muon jet is caused by
the change in jet profile after the selection of a leading K2. In general, K°’s are produced at the
end of the decay chain of a B-meson. If a K° from heavy quark decay is leading, then either the
K?° has been produced directly, or the contribution from the intermediary decaying particles to
the jet p; is small. The ¢ jets with a leading K% appear to be more collimated (as measured by
the AR distribution of the jet particles with respect to the jet axis). In the bb data sample with
leading kaons in the muon jet, these muon jets appear to be as wide (in AR) as before, however
the jet axis is shifted towards the muon direction. Therefore the mean < p;¥(u) > drops below
the average of 0.66 + 0.02 GeV/c (see eq. 7.4) in the data sample with leading kaons in the muon
jet. We have remeasured the p[®(u) for the leading kaon selection for the bb and the cc, see
table 7.11.

Table 7.11: The mean p{*(u) in events with leading kaons, compared to other selections, in the
ISAJET Monte Carlo data.

selection cc bb bb+cé

< p(1) > [GeV/e] | < pi*(p) > [GeV/c] | < pie(p) > [GeV/(]
initial sample 0.51 £ 0.01 -0.78 £ 0.01 0.655 £ 0.008
AR(K2,5,) < 0.7 0.46 % 0.02 0.73 + 0.02 0.66 £ 0.02
Leading K2 in j, 0.44 £ 0.03 0.68 + 0.03 0.58 £ 0.03

In the event sample with leading kaons in the muon jet the p[®(u) is lower than in the initial
sample. It is lower by about the same amount for the b5 and the ¢ jets. This means, that
although the jet profile is affected in both cases, the differences between the bb and the cé jets
are preserved. It can be concluded also from table 7.9, that the ratio bb/cé should remain the
same after the leading Kg selection, since the percentage of the leading kaons in the b5 and
the c¢ samples is about the same. An explicit calculation gives the ratio bb/cé of 2.3 + 0.3,
independent of the presence of a leading kaon in the muon jet.

We have checked, that the sample with large < p;*/(u) > (for instance in the bb sample
or after the selection p{*/(u) > 0.6 GeV/c) has also large < pil(KS) >. This correlation is
expected, since all particles from a heavy quark decay should have on the average a larger
transverse momentum relative to the jet axis, compared to the p[*! of the decay products from
a light quark. In any jet it is 3~ pi® = 0 for all particles in the jet, irrespective the value of
p;¢(n). Therefore p{*(u) and p}*(K°) will tend to balance each other as a consequence of
particle kinematics. The information we get from the pj/(KX3) of a neutral kaon on the heavy
flavour production is therefore correlated to the information from the p®(u) of the muon.

To prove this statement, we have calculated the azimuthal angle between the pre(u) and
P7°/(K2) around the jet axis. This distribution peaks at 180°, therefore the 7°/(x) and 7°/( K9
balance each other relative to the jet axis. In section 7.4.3 this distribution will be demonstrated
for real data.

In summary, the p/(K 2) of a leading kaon in u — tagged jets can be used the same way the
prel(p) is used to separate the heavy flavours.
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7.3.6 Summary of the Monte Carlo study.

We have calculated the K multiplicity and the mean p{*/( K2) in the u —tagged jets from heavy
flavours and in the jets from heavy flavours not containing a muon. The same calculation has
been done for gluon jets and for the mixture of the u,d,s jets in ratio 61/30/9. The bb and the
¢t p — tagged jets have a rather large K multiplicity, compared to gluon or light quark jets
(table 7.7). The bb u — tagged jets have a rather distinct < p{*/(K%) > (tables 7.8, 7.10), as
compared to the c¢ jets. Differences between jets not containing a muon are smaller. Although
the K2 multiplicity and the pie(K2) in the latter jets follow the same trend as the muon tagged
jets, our present statistics does not allow to draw any practical conclusions.

The ISAJET Monte Carlo data contains about 20 times the statistics of our real data.
However, there are 10 times more single muon events with p;(u) > 7GeV/c, as compared to
the number of single muon events with p;(x) > 10GeV/c. Therefore there is only a factor
2 difference in statistics between the real data and the Monte Carlo data. Nevertheless, the
differences in the K2 multiplicity and the mean Pl (K 2) between the jets, as presented in this
section, will be even smaller in the real data, not only because of the lower statistics, but also
because of the background contribution in real events.

In the present Monte Carlo data no muon background has been generated. Real data has
the additional difficulty of background from the muons produced in the K /7% decays. Although
the probability for a kaon in an u or a d jet might be lower than in a b or b jet (see table 7.7),
the presence of a kaon does not guarantee a background free sample. As the Eurojet data shows,
the probability to obtain a K3 in an s-quark jet is higher than for all other quarks. Since the
difference is quite big, this property might be present also in real data. The events selected with
a leading K2 in the jet might contain an s5-system, which gives a high momentum muon from
a K/r* decay in one jet and a leading kaon in the other jet. The p[*(u) should be lower in jets
from light quarks, however. In section 7.4.2 we will check the p}*/(u) for several K3 selections.

In conclusion, there is little hope to separate the jets from different origin in the real data,
unless they are tagged by a muon. In the u — tagged jets we can try to use the kaon instead of
the muon in the study of the heavy flavour production. For instance we can try to select events
with a muon jet containing a leading neutral kaon with a high p[/(K2). This is a signature for
a bb event.

7.4 The K properties in real data.

7.4.1 K2 multiplicity in real data.

The selection of the muons and the calorimeter jets has been described in section 7.2. In
summary, there are 282 events with a u, K% and j,, topology, where p;(p) > 7GeV/c, p/(K2) >
0.5GeV/c and Ey(jop) > 10GeV (validated).

A statistical separation of the bb and c¢ events in the single muon sample has been performed
using the pi°(u) of the muon. The p"’(u) distribution in real data containing a kaon in the
muon jet will be shown in fig. 7.7. A bb enriched data sample is obtained by requiring p;*/(x) >
0.6 GeV/e. A Monte Carlo study shows that ¢ contribution to muons with p[* > 0.6 GeV/c is
reduced to 15%, whereas for the p[® < 0.6 GeV/c the contribution from c¢ events has increased
to 40%, see table 7.4.

The distribution of neutral kaons in the cone around the muon jet and its opposite jet is
shown in fig. 7.2 - 7.5. There is a clustering of kaons in the direction of the jets, which can be
observed in the AR? plot. Table 7.12 summarizes the K 2 multiplicity for the bb/cé enhanced jets
and their recoil jets respectively. In general, the ISAJET Monte Carlo described in section 7.3
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predicts correctly the K¢ multiplicity in the real data. The K2 multiplicity is lower than
expected in the opposite jet in the sample with p[*/(u) > 0.6 GeV/c. The size of the effect is
apparent from the comparison of fig. 7.2 and 7.3. However at the present level of statistics we
conclude, that the measured multiplicities are compatible with the predictions from the Monte
Carlo.

Table 7.12: K% multiplicity for the muon jets, selected according to their pi and their recoil
jets, compared to the Monte Carlo data.

selection pum. jets | num. kaons | multiplicity multiplicity
real data | in AR < 0.7 | real data | Monte Carlo

jop DOt required '

Ju : 761 118 0.15+0.01

ju with pi(p) > 0.6GeV/c 322 60 0.19 £ 0.03

j with pf¢'(u) < 0.6 GeV/c 439 58 0.13 £0.02

Jop required

Ju - 367 49 0.13£0.02

Jop 42 0.11£0.02

j, with pi¢'(p) > 0.6GeV/c 151 24 0.16+0.03 | 0.14+0.01

jop With pi¢!(p) > 0.6GeV/c 11 0.07+0.02 | 0.11+0.01

3. with pi¢'(p) < 0.6 GeV/e 216 25 0.12+0.02 | 0.17+0.02

Jop With pfel(n) < 0.6GeV/c 31 0.14+0.03 | 0.11+0.01

The K multiplicity is rather difficult to study, because the normalization cannot be handled
easily. There is no 'natural’ normalization for the K2 multiplicity. The multiplicity has been
normalized on the number of jets in the present analysis. It could be normalized, for instance
on the number of tracks in the jet. The K 0 multiplicity depends in each case on the relative
activity of the background, which is difficult to model in a Monte Carlo program.

In comparing the real data with ISAJET predictions it should be remembered, that the
selection of events in the Monte Carlo data contains muons with p(p) > 10 GeV/c, compared to
pi(p) > 7GeV/c in real data. Although we do not expect large deviations in the conclusions due
to this difference, the exact multiplicity figures can suffer from the effect of the dependence of
the quark fragmentation on quark energy, mentioned in section 7.3.3. The p}¢ variable depends
less on the jet energy.

7.4.2 The pi*(p) after the K3 selection in the real data.

Neutral kaons are selected with p,(K3) > 0.5GeV/c and ly(KQ)| < 2.5. The Monte Carlo
study shows, that these two cuts reduce the background of kaons from the spectator quarks

(underlying event) to 30% in our sample. In summary, events are selected with:
- p(p) > 7GeV/e - p(K2) > 0.5GeV/c

- u non-isolated - y(K2)| < 2.5

After this selection we are left with 564 events, see table 7.1.

Fig 7.6 shows the distribution of neutral kaons as function of AR*(K$,j,) and the corre-
sponding Ay X A¢ scatter plot with the original muon direction. There is an enhancement in
the number of kaons close to the muon.

We have seen in the Monte Carlo study that the kaon multiplicity in heavy quark jets
(tagged by a muon) is higher than in gluon or light quark jets (see table 7.7). If the muons
from K /n% decays (decay background) are produced in the gluon or u,d—quark jets, we expect a
larger content of heavy quark muon jets after K selection. Then the mean < prel(u) > should
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increase after the kaon selection in the jets. However, as explained in section 7.3.6 the decay
background has not been modeled in this Monte Carlo program, in particular the contribution
from s—quark is unknown.

We have measured the p;®/(u) before and after the kaon selection within the AR < 0.7 cone.
Note that the balancing jet topology was not required. After the selection AR(K2,j,) < 0.7
the sample is reduced to 118 events, see fig 7.7.

<pi¥(u)> = 0.60 + 0.01GeV/c (7.6)
ARG, K2) < 0.7 <pil(n)> = 0.64 £ 0.05GeV/e (7.7)

Thus, after the selection of events, containing a K2 in the muon jet, the < p{* > of the
muon with respect to that jet is barely affected. The mean pr¢ after the kaon selection is as
expected from the bb/cé Monte Carlo (see equations 7.3, 7.4).

7.4.3 The p!*(u) in jets with leading K32.

The ISAJET Monte Carlo program predicts about 50% of leading kaons in the bb/cé sample.
Recall, that we do not include the muon track when determining the leadership of the kaon in
muon jets; in jets without a muon all tracks are counted. In the real data we find 75 events with
a leading kaon in the muon jet. It is (64 £ 9)% of the sample with a kaon within AR < 0.7 (118
events).

We have measured the p[*/(u) in events with a leading kaon in the j, jet, see table 7.13. For
the calculation of the mean p[¢/(x) in the table 7.13, no balancing jet structure was required. If
we require the opposite jet topology the numbers do not change significantly.

Table 7.13: The mean p{f’(u) for leading kaons in the muon jet in real data. The ezpected
values from the ISAJET bb/cc are given in the second column. The numbers in parenthesis are
the number of events in the sample.

selection < pi¥(p) > [GeV/e] | < pi¢t(u) > [GeV/c]
real data Monte Carlo data

leading kaon in J, 0.59 £ 0.04 (75) 0.58 £ 0.03 (132)

kaon not leading in j, 0.78 £ 0.07 (43) 0.70 £ 0.04 (137)

In table 7.13 we see a slightly lower value of pf®(u) in the sample with leading kaons, as
compared to the value given in eq. 7.7. The p[*/(u) for the sample of the non-leading kaons
increases, as compared to the average in eq. 7.7. This effect is reproduced in the Monte Carlo;
it is the change in the jet profile, explained in section 7.3.5.

As discussed in section 7.3.5, the information on heavy flavour production obtained from
p7(u) is identical to the information obtained from p;*'(K$) of a leading kaon in the muon
jet. This point is illustrated in figure 7.8, where the difference in azimuthal angle around the
jet axis between a kaon and a muon has been plotted. Similarly to the distribution obtained
in the Monte Carlo generated data, the angle between the muon and the kaon tends to 180°.
Therefore pf*(u) and p[®/(K$) balance each other relative to the jet axis.

7.4.4 The pl*(K2) for a leading kaon in real data.

The percénta._ge of the leading kaons in the muon jets and their recoil jets is shown in table 7.14.
In general, the percentages of the leading kaons are reproduced with the Monte Carlo, see
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table 7.9. The number of the leading kaons in the recoil jets is quite low, therefore the analysis
of the pj®(K2) in these jets has not been attempted (errors are nearly 100%).

Table 7.14: Percentage of leading K2 for the muon jets and their recoil jets.

selection

percentage of K¢
leading [%)]

percentage of K§
leading+’next to leading’ [%)]

Jop DOt required

u 63+9

Jju with pi¢(p) > 0.6 GeV/c 55 + 12

ju with pie!(u) < 0.6GeV/c 72+ 15

Jop Tequired

Iu 53 £ 13

Jop 2448 57+ 15
ju with pf(p) > 0.6GeV/c 42+ 16

Jop With pi¢!(u) > 0.6 GeV/c 18 + 14 54 &+ 28
Ju with pf¢'(p) < 0.6GeV/c 64 + 20

Jop With pf®(u) < 0.6GeV/c 26+ 10 58 + 17

In the muon jets we have obtained the averaged < pr/(K2) > for the 75 leading neutral

kaons in the cone AR(KZ,j,) < 0.7:

< pi%(K2) > = 0.52 + 0.04GeV/c (7.8)

The data has been compared to the predictions from the ISAJET Monte Carlo in fig. 7.9. Note
that the ISAJET predictions have been normalized to the number of events in the real data

sample with p,(u) > 7GeV/e.

To estimate the bb fraction from equation 7.8 we assume the same p}¢/(K®) for the back-
ground, as for the ¢¢ sample. It has been found in the analysis of the muon pr(p), that the
background p7¢/(y) distribution is close to the c¢ distribution [39]. Using table 7.10 we solve for
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the fraction x of the bb events the equation 0.61x+0.35(1-x)=0.52:
fraction of bb = 0.7+ 0.3 (7.9)

The error is statistical. This result can be compared to (35+£412)% calculated from the fit of the
muon background distribution and the ISAJET predictions for bb/c¢ to the muon pj*(u) [39].
There is no reason for these two results to be the same, since we have a different data selection
with a leading neutral kaon in the muon jet.

7.4.5 The K2 selection in the data sample with p,(u) > 6 GeV/c.

In section 7.4.2 we have studied the K2 production in the single muon sample with py(u) >
7GeV/c, non-isolated. Certain selections for K have been applied to create a cleaner sample
with less muon background. The criterion for a cleaner sample is a large value of the p}¢(u),
typically above 0.6 GeV/c. The following conclusions have been reached:

- Selection of a K2 in a AR < 0.7 cone around the muon jet does not change the mean
pi¢(p) significantly. See eq. 7.6, 7.7 for the real data and eq. 7.3, 7.4 for the Monte Carlo
data.

— Selection of a leading K3 decreases the average p;¢/(u) due to a change in the muon jet
profile, but it preserves the differences between the average p{°(u) in the bb and the ¢
Monte Carlo samples. See table 7.11.

— Since the p[(K2) is higher for the bb events than for the muon background, it is possible
to select a cleaner bb sample by requiring a kaon of high p}'"(Kg) near to the muon (see
section 7.3.4. :

— The p{°/(K2) can be used for the heavy flavour separation the same way as the p[¢(u) is
used, see section 7.3.4 and 7.3.5.

- A data sample with leading kaons and with a high p{*(K$) value will contain muons
with a large pj*/(u), because of the correlation between pj®(K2) and p*(u) discussed in
section 7.3.5.
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The selection criteria according to these conclusions have been applied to the much larger
data sample with p;(u) > 6 GeV/c. The background in this data sample is about 70% [39)].
The kaons and the jets have been selected as described in section 7.2. The results of the kaon
selection are summarized in table 7.15.

Table 7.15: The p}¢(u) in the sample with py(u) > 6 GeV/c for several K2 cuts. The numbers

in parenthesis give the number of events in the sample. v

selection real data Monte Carlo
< pi¥l(p) > [GeV/c] | < pi°(n) > [GeV/(]

initial sample. non-isolated muons with p,(u) > 6 GeV/c | 0.58 + 0.01 (2188) 0.655 + 0.008
AR(K2,ju) < 0.7 0.59 £ 0.02 (218) 0.66 + 0.02
AR < 0.7; pi*(K2) > 0.6 GeV 0.77 £ 0.04 (59) 0.81+0.05
AR < 0.7; leading K2 in j, 0.57 £+ 0.03 (132) 0.58 + 0.03
AR < 0.7; leading K in j,; pi®(K$) > 0.6 GeV/c 0.84 + 0.05 (40) 0.83 + 0.06

As expected, the average p;®(u) is large in the sample with a kaon within the cone of
AR < 0.7 and p}*(K 2) > 0.6 GeV/c. The fraction of the bb events in the event sample with a
leading kaon in the muon jet is 0.5 + 0.4, as can be calculated using table 7.11 (and solving for
the bb fraction x in 0.68x-+0.44(1-x)=0.57). Hereby we assumed, that the muon background has
about the same distribution, as the ¢¢ events.

The analysis of the p{*(K2) of a leading kaon in a muon jet gives in this sample (with
pe(p) > 6GeV/e) < pi¢!(K2) >= 0.52 £ 0.03 GeV/c. The equality of this value with the average
< pi(K2) > obtained in an event sample with less background (see section 7.4.4, eq. 7.8) is
compatible with a conclusion, that the selection of a leading kaon in muon jet selects mainly bb
and cc events.

The distribution of the p;*(K2) of a leading kaon is shown in fig 7.10, where we have
normalized the ISAJET predictions to the number of events in real data with p:(u) > 6 GeV/c.
The more accurate measurements of the bb fraction are discussed in appendix B.
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Figure 7.10: The p;*/(K3) in real data (with p:(u) > 6 GeV/c) compared to ISAJET predictions
for the bb and the cc contributions. The Monte Carlo predictions have been normalized to the
number of events in real data.

In conclusion, the behavior of data is as expected from the heavy flavour production.
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Chapter 8

Summary and conclusions.

The present work was done within the UA1 collaboration at the CERN pp Collider at the CM
energy of v/s = 630 GeV. Its objective was to study the use of neutral kaons for the identification
of jets produced by the heavy b and ¢ quarks.

Jets are highly collimated streams of particles produced in the fragmentation of quarks and
gluons. For the study of the properties of the heavy quarks it is necessary to identify their jets.

As muons can be detected in jets, they have been used so far to tag the production of
the heavy quarks in their semileptonic decay mode. Neutral kaons can also be detected in
jets measured in the UA1 Central Detector. As discussed in chapter 2, the 'Standard Model’
describes the production of the b and ¢ quarks in pp collisions. Within this model neutral kaons
can be produced in the decay chain of the heavy quarks (for example b — ¢ — s is the favorite
decay mode of the b quark). Therefore an attempt was made to use these neutral kaons instead
of, or in conjunction with the muons.

For the study of neutral kaons in jets a data sample has been used with events containing
at least one muon with transverse momentum above 6 GeV/c and with one or more calorimeter
jets, the so called ’single muon events’. As compared to the jets detected in the calorimeter, the
Central Detector provides a better spatial measurement of the jet axis. The relative transverse
momentum of the muon with respect to the axis of this jet in the Central Detector measures
the probability for the quark flavour producing the jet. Previous studies of this data sample
using the p[*/(u) distribution have shown, that about 51% of the muons with the transverse
momentum p;(x) of 10 GeV /c come from a semileptonic decay of a b quark and about 16% from
a ¢ quark [10]. However, the full data sample with p;(1) > 6 GeV/c is dominated by up to 70%
background from 7* and K% decays into muons (see chapter 3). An additional information
from the neutral kaon helps to reduce this background.

The K was reconstructed in the UA1 Central Detector from its decay into a 7+ 7~ pair with
a signal to background ratio of > 4.4 + 0.2 (depending on the set of cuts used), see chapter 4.
The reconstruction efficiency is about 15%, see chapter 5. The total inclusive K2 production
cross section in the ’single muon events’ with a kaon rapidity within |y| < 2.5 and transverse
momentum above 0.2 GeV /c is 164 + 17 £ 25 nb; the first error is statistical and the second is
systematical (chapter 6).

There are about 1.3 K3’s per event after the efficiency correction in the single muon sample.
This multiplicity is comparable to the K2 multiplicity of about 0.6 in the ’minimum bias events’.
The ’minimum bias events’ result from the simultaneous break up of both the proton and the
antiproton in their collision. But, in general, they contain neither heavy quarks nor jet activity.
A precise comparison of the K2 multiplicities in both types of events was not possible due to
the (technical) differences in their normalization. However, the K} inclusive cross section falls
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less steeply with increasing transverse momentum of the kaon in the ’single muon events’, than
in the 'minimum bias events’. Thus, in general, neutral kaons with a high transverse momentum
(over 0.5 or 1 GeV/c) are produced in jets.

There is indeed a clustering of kaons in the direction of the jets observed in the real data
(see chapter 7). However, this did not help much for the identification of the quarks producing
the jets, because a high momentum K2 can be produced in any kind of a gluon or a quark jet.

The number of K g ’s per jet have been studied with Monte Carlo data for different types of
jets. It has been concluded, that the differences in the K2 multiplicity in various jets are small
and cannot be used for the jet identification. The relative transverse momenta of the kaons
with respect to the jet axis are similar in various types of jets and cannot be used for the jet
identification either. One important exception are the Central Detector jets containing a muon.
In these muon jets the difference in the average < pi®/(K2) > obtained in the Monte Carlo data
between the jets from a b quark and the jets from a ¢ quark is about 0.13 GeV /c.

The differences in the p[®/(K'2) between the b quark and the ¢ quark jets originate mainly
from a leading kaon. (A leading kaon in a muon jet has transverse momentum larger than all
other particles in the jet in the Central Detector, except the muon.) A leading kaon could be
found in almost 50% of the ’single muon events’ with a K© in the muon jet. In general, a kaon
is produced at the end of the decay chain of a heavy quark, therefore the effect of the heavy
quark mass on the p{*/(K2) is diluted. If, however, a K° from a heavy quark is leading, then
either the K° has been produced directly, or the contribution from the intermediary decaying
particles to the jet p; is small. In the muon jets the difference in the average relative transverse
momentum of a leading kaon between the jets from a b quark and the jets from a ¢ quark is
about 0.26 GeV/c. Furthermore, the p;*(K2) of a leading kaon with respect to the muon jet
axis contains essentially the same information on the heavy flavour production, as the pf*(u)
of the muon itself. Therefore, as the Monte Carlo data show, the P (KS) of a leading kaon
in the muon jet can be used for a separation of the bb events from the c¢ events and from the
background.

The multiplicities of K2 and the relative transverse momenta p[*(K$) in jets measured in
the real data are comparable to the values expected from the bb/cé Monte Carlo. The Monte
Carlo bb and c¢ p[*/(u) distributions have been fitted to the experimental p}¢/(u) distribution in
muon jets containing a neutral kaon. A fraction of bb events of 0.65 £ 0.12 has been obtained
in the sample with p,(1) > 7GeV/c and 0.55 £ 0.09 in the sample with p;(u) > 6GeV/c, see
appendix B. The p;°(K$) of the leading K has been used for the calculation of the bb fraction in
the single muon events with compatible results. Thus, a data sample with less muon background
is selected by requiring a kaon in the muon jet.

The method of the analysis of heavy flavour production in single muon events with a K% in
the muon jet has the severe disadvantage of a low K2 reconstruction efficiency, of the order of
15% in the UA1 Central Detector. Therefore the heavy flavour separation with muons only is
far more efficient. The use of neutral kaons would be justified in jets without the muon tag for
the heavy flavour. However, in jets not tagged by a muon no meaningful kaon signal could be
deduced from the investigated data samples.
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Chapter 9

Samenvatting

Het beschreven onderzoek maakt deel uit van de UA1 experiment by de CERN pp Collider by
een zwaartepuntsenergie /s = 630 GeV. Het doel van het onderzoek was jets die geproduceerd
zijn door de zware b en ¢ quarks, te identificeren met behulp van neutrale kaonen.

Jets zijn sterk gecollimeerde stromen deeltjes die ontstaan bij de fragmentatie van quarks en
gluonen. Om de eigenschappen van de zware quarks te kunnen bestuderen moet men hun jets
identificeren.

De muonen zijn tot nu toe gebruikt als kenmerk voor de productie van de zware quarks
voor zover deze semileptonisch vervallen, omdat muonen in jets waargenomen kunnen worden.
Ook neutrale kaonen kunnen worden waargenomen in jets die in de Centrale Detector van
UA1l gemeten worden. Zoals besproken wordt in hst. 2, beschrijft het 'Standaard Model’ de
productie van de zware b and ¢ quarks in pp botsingen. Binnen dit model kunnen neutrale
kaonen worden geproduceerd in de vervalsketen van de zware quarks (bijvoorbeeld b — ¢ — s is
de meest waarschijnlijke vervalswijse van het b quark). Daarom is gepoogd deze neutrale kaonen
als kenmerk te gebruiken in plaats van of tezamen met de muonen.

Om neutrale kaonen in jets te bestuderen is een verzameling data gebruikt met een of meer
muon gebeurtenissen met een transversale impuls groter dan 6 GeV/c en met een of meer jets
in de calorimeter, de zogenaame ’één-muon’ gebeurtenissen. Vergeleken met de jets die in de
calorimeter worden gemeten, biedt de Centrale Detector een betere bepaling van de richting
van de as van de jet. De relative transversale impuls van het muon ten opzichte van de as
van zijn jet in de Centrale Detector is een maat voor de waarschijnlijkheid dat een bepaalde
quark ’smaak’ de jet produceert. Eerder onderzoek aan deze verzameling data met behulp van
de p;°(u) verdeling heeft aangetoond dat ongeveer 51% van de muonen met een transversale
impuls p¢(p) boven 10 GeV/c ontstaan bij semileptonisch verval van een b quark en ongeveer
16% by een c quark. Echter de volledige verzameling data (p;(u) > 6 GeV/c) wordt overheerst
door, een tot 70% oplopende, achtergrond afkomstig van 7#* en K* verval naar muonen (zie
hst. 3). Extra informatie van de neutrale kaonen helpt deze achtergrond te reduceren.

Het K¢ werd gereconstrueerd in de Centrale Detector van UA1 van zijn verval in een 7+ 7~
paar met een signal/achtergrond verhouding van > 4.4 + 0.2 (afhankelijk van de gebruikte
afsnijdingen), zie hst. 4. De reconstructie efficiéntie is ongeveer 15%, zie hst. 5. De totale
inclusieve werkzame doorsnede voor de productie van K2 in de 'één-muon’ gebeurtenissen met
kaon rapiditeit |y| < 2.5 en transversale impuls groter dan 0.2 GeV/c, is 164 + 17 + 25nb; de
eerste fout is statistisch en de tweede systematisch (zie hst. 6).

Na correctie voor de reconstructie efficiéntie zijn er ongeveer 1.3 K2 deeltjes per gebeurte-
nis in de ’één-muon’ data. Deze multipliciteit is vergelijkbaar met de K3 multipliciteit in de
‘minimum bias’ gebeurtenissen van ongeveer 0.6. Deze *minimum bias’ gebeurtenissen ontstaan
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waneer bij de botsing zowel het proton als het antiproton dissociéren. In het algemeen bevatten
deze gebeurtenissen echter aoch zware quarks, noch jet activiteit. Een precieze vergelijking van
de K¢ multipliciteiten in beide soorten gebeurtenissen is niet mogelijk vanwege de (technische)
verschillen in hun normalisatie. Echter, de inclusive werkzame doorsnede voor de productie
van K2 neemt minder snel af met toenemende transversale impuls van het kaon bij *één—muon’
gebeurtenissen dan bij de 'minimum bias’ gebeurtenissen. Dus worden neutrale kaonen met een
grote transversale impuls (groter dan 0.5 of 1 GeV//c) in het algemeen in jets geproduceerd.

Er treedt inderdaad opeenhoping op van kaonen in de richting van jets die in de reéle data
worden waargenomen (zie hst. 7). Dit draagt echter niet veel bij tot de identificatie van de
quarks die deze jets produceren, omdat een K2 met grote impuls in elke soort quark- of gluonjet
geproduceerd kan worden.

Het aantal K3 deeltjes per jet is bestudeerd met Monte Carlo data voor verschillende soorten
jets. De verschillen in K2 multipliciteit in de verschillende jets zijn klein en kunnen niet worden
gebruikt om deze jets te identificeren. De relatieve transversale impuls van de kaonen ten
opzichte van de as van de jet is ongeveer gelijk in verschillende soorten jets en kan evenmin
worden gebruikt om de jets te identificeren. Een belangrijke uitzondering vormen de jets in de
Centrale Detector die een muon bevatten. In deze muon jets is het verschil in de gemiddelde
< pi®(K2) > (zoals verkregen uit de Monte Carlo data) tussen jets afkomstig van een b quark
en jets afkomstig van een ¢ quark ongeveer 0.13 GeV/c.

De verschillen in p*/(K'2) tussen b quark jets en ¢ quark jets zijn hoofdzakelijk afkomstig van
een ’leidend’ kaon. (Een leidend kaon in een muon jet heeft een grotere transversale impuls dan
elk ander deeltje in de jet in de Centrale Detector, uitgezonderd het muon). In bijna 50% van
de ’één-muon’ gebeurtenissen met een K° in de muon jet kwam een leidend kaon voor. Omdat
in het algemeen een kaon wordt geproduceerd aan het eind van de vervalsketen van een zware
quark, is het effect van de massa van de zware quark op e (K g) verzwakt. Als echter een Kg
afkomstig van een zware quark leidend is, dan is ofwel het K2 rechtsteeks geproduceerd, ofwel
de bijdrage van de vervallende tussenproducten aan de transversale impuls van de jet is klein.
In de muon jets is het verschil in de gemiddelde relatieve transversale impuls van een leidend
kaon tussen de jets afkomstig van een b quark en van een ¢ quark ongeveer 0.26 GeV/c. Verder
bevat de pf®(K2) van een leidend kaon ten opzichte van de as van de muon jet in wezen dezelfde
informatie over de productie van zwaare quarks als de p[°/() van het muon zelf. Daarom kan,
zoals de Monte Carlo data laten zien, de pj*/(K'2) van een leidend kaon in de muon jet gebruikt
worden om bb gebeurtenissen te scheiden van cZ gebeurtenissen en van de achtergrond.

De K2 multipliciteiten en de relatieve transversale impulsen pi(K2) in jets in de reéle data
zijn vergelijkbaar met de waarden die men verwacht uit de bb/cé Monte Carlo. De Monte Carlo
bb en cé p;¢(n) verdelingen zijn aangepast aan de experimentele p{*(u) in de muon jet, die
een neutrale kaon bevatten. Een fractie bb gebeurtenissen van 0.65 + 0.12 werd gevonden in de
dataverzameling met p;(u) > 7GeV/c en 0.55 + 0.09 in de verzameling met p:(u) > 6 GeV/c,
zie appendix B. De p{®/(K2) van het leidende kaon is gebruikt om de bb fractie in de *één—muon’
gebeurtenissen te berekenen, met de zelfde uitkomsten. Door op deze wijze kaonen in de muon
jet in de ’één—muon’ data met p;(u) > 6 GeV/c te selecteren, kan de data verkregen worden met
minder muon achtergrond.

De beschreven analyse methode voor de productie van zware quarks in ’één—-muon’ gebeurte-
nissen met een kaon in de muon jet heeft het ernstige nadeel dat de K2 reconstructie efficiéntie
in de Centrale Detector van UA1 slechts ongeveer 15% bedraagt. Daarom is de identificatie
van zware quarks met alleen muonen veruit voordeliger. Het gebruik van neutrale kaonen zou
gerechtwaardigd zijn in jets zonder het muon kenmerk voor de zware quarks. Uit de onderzochte
data kon echter geen zinvol kaon signal in deze jets worden afgeleid.
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KPATKMA OB30P

HacTosmas nabGoTa mpeicTaBIsieT co6oii wacTe srcnepinenta UA1, ssmox-
IeHHOro Ha pp Ko.arafizene B [Ellle mpnm sHeprum meHTpa Macc CTaJKHBaw-
MIXCA uwacTHIT PaBNOfi vs = 630 I'sB. Pa6oTa mocBAMeHa HCCJIeXOBAHHN Heii-
TPAJbHNX KAOHOB IIA ONO3HaBanHa KBapXOBLX cTnyit, B WacTHOCTI IJad
omoamaBanls CTPyit Tameaux o 1 € KBapkoB,.

CTpyM BO3HIKAWT B pe3yJbTaTe (ParieHTANNI KBAapKOB H NpeACTaB.JANT
c060ii y3KOKOXINMHDOBaHHIE NOTOKH wacTun. Omosmabanne cTpyit, ApyrmMm
cJoBaMH, OonpeneleHHe "apoﬁawa" KBapka, cO03Japmero 3Ty CTPYW, neo6xo-
AANMO IJs 113y4YeNnns CBONCTB KBapKoOB.

B UA1 asxchnepHMeHTe nJs ONO3HaBannd CTPYyH TAZENHX KBaproB A0 CIX mOPp
Bceraa HCIOJb30BAJHCH MIOHE, TaKk KaK MHOHI MOryT OWTb BHABJAEHH B
€TPYSX, BO3HHMKAlOLIX NPA CEMILIENTOHHOM pacnale 3THX KBAPKOB. HefiTpaab-
HHEe KaOHH TaKiXe MOryT 6HTH BHABJEHH B CTPyAX, JAeTEKTHPYyeMbX B apeipo-
poit zamepe UAT. Tlax o6cymmaaocs B raase 2, poxzenmeb n C xBapxoB BO
B3amMoAe#icTBIIM NMPOTOHOB C AHTHOPOTOHAMH Ha KoOJJNailepe ONHCHBaETCH
"CranzaprHoit Mozeapn". B 3Toll MoZeam HeiTplIbHHE KAOHH BO3HHRANWT, KakK
npapuio, B KOHIE Dpacnaja TAKeINX IBapKoOB (manprmMep, B CTymeHUaTOM
pacnmaze baCc+S Tamexore D xnapra). loaromy 6ixa HccaeX0BaHA BO3MOX-
HOCTh HCNOJb30BaHIS HHelATpaJbHHX KAaOHOB IJSA OIO3HaBaHMdA cTpyit TAXeJHX
KBapKOB BMECTO MHOHOB IIIH COBMECTHO C MHOHaMH.

Jiifg u3yueHHss HelTpaJbHKX KaOHOB B CTPYHAX 6LIM IICIOJB30BaHH JKCIEepi-
MeHTaJIbHHEe cO6LTHA, coxepzamie IO Kpaiine#f Mepe OXHH MIWOH C DOnepedHIM
EMOyJabCOM Bhme 6 I's3/c m opn oxHOM mau GoabmeM dYHCJE cTpyii, 3aperuc-
TPMPOBaHHHX B La.JoprueTpe. JTO, Taxk Ha3uBaeMue, "o gHOMIOOHHLIE'" COOGHTI.
Ilo cpaBHeHHI0 CO CTDPYSAMH B Ka.JgopmieTpe, apefihoBas kKaMepa YCTaHOBKI UA14
N03BOJAET HN3MEePATH HanpabBJeHme OCH CTPpyn C 6oabmeti TouHOCTHLN, [lomeped-
HHfi HMIOYJIbC MWOHA OTHOCHTEABHO OCI CTPYH _Tg%r)_ B ApefidoBoit ramMepe
M3MepAeT BePOSTHOCTH ONpeleleHHOro apoMaTa KDapka, co3xapmero 3Ty
cTpyw. lipeamaynue IccrelfoBaKisg ITHX IKCner MeHTaJIbHIX JAHHHX, HCHOJb-
3yomie pacnpeneJelnne Io ﬁfL(H) noxasaJjgn, 4YTO OKO0.JI0 51% m 16% MpONOB
¢ TomepeuHHMH NMny.Ibcaiun Brme 10 I'sb/c po&janTCa B CEMANENTOHHIX Dac-—

razax b I C XBapKoB, COOTBETCTBEHHO (10). Canexo mo.rmsrit Ha60m CcOOHTHIl,

\ - ’ + % 4
cogepmamnii MWOHE C r*(r)>b I'ss/c cozepmnt pxo 70 doma oT W n X5 pac-

Tax0B B MiJOHE (CM. r.1asy 3). {OMOJHIITC.IbHAsI MHHODMAIMI, TCTOPYW naer
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HefITPAJbHIE! XaOH IoMOraeT Y.MEGHBIUHUTb 3TOT (oH,
TopoTroruBymHe HefiTpa.JbH3e XKaOHH Eg 6IIE BOCCTANOBJEHH I3 NPOAVKTOB
pacragza B 18 B Apeitropoit itaifepe VeTanoBKII UA1 ¢ cooTHomenmesm Clr—
pax/myn > 4,4+ (,2 3T0 3HavenIe 3aBICHT OT MMEINIAX MeCTO or6opos, (cu.
T.JIaBy 4). MHNEeXTINIIOCTS BOCCTAHOBJICGHHS COCTABJASET OKOJO TS%(cm. rjaaBy
3). ifoJgHoe ITHKJN3IIBHOE ceverlie npoqynunn}%? B "omHOoMWOHHIX" cO6HTHAX
c 6rrcrnoTaMu taoma lyl<2,

O n ToTTeneUNIDII JIMOYAbCAaliH, NPCIHUAIMMI
G,2 T'all/c cocTaRBageT 164 £ 17 I
’ ?

25 u6 (mepsast MOrpemHOCTH CTATICTH=
yecitas, BTOpAaf clicTeMaTHyecrkasd 'O XapakTeny, CM. rJasy 6) .

NoanuecTBO Kg Ha co6mTie cocTaBasmeT onoao 1,3 (mocae nonpaBEH IIa 3=
(e KTHBHOCTDb DEKOHCTDYKNNH). JTa MHOKECTBEHHOCTb CPABHOMA C MHOLECTBEeH-
HOCTBHI0 KOPOTKOXHBYIINX HeliTpaJbH!'X KAOHOB B COOHTHAX ''MHAH:AJBHOroO cle-
menus', rae oHa cocTaBaseT oxoao (,6, Co6rmTHa "MHUUMMAABHOro cMemeHms"
MoJyyanTcsa B pe3yJbTaTe OXHOBPeMEHHOH JHCCOODManiy NPOTOHA H AHTHIPOTO-
Ha NpH UX cToJKkHOBeHMH, O6iyHO ONH He cohepxaT HHA CTpPyH, Hn TARKEJBX
KBapKOB. TOuHOe CpPaBHEHHEe MHOXECTBEHHOCTH Kg B o6onx THmax co6mThil

TeXHNYeCKH He OHJO0 BO3IMOXHO N3-3a pa3JHNyHON HOpMaAH3amWU ITHX COOH-
Trit, CAHAKO 3aBHCHAMOCTH MHKJIINBHOro CedYeHHSA HEHTDPaJIbHHX KaoHOB Maja-
eT HaMHOro MeAJeHHee C YBeJHUeHHMEeM NOoNepedYHoro HMIyJbca KaoHOB B '"ox=
HOMIOOHHITX COOWTHAX", WeM B COSHTHAX ''MOHAMAJIBHOro cuemenns'., Ciaexosa-~
TeJabHO, B obmeM cJaydae, HeHTpaJbHHEe KaOHH C OOJbUNMH NONEPEYHHMH HM-
nyabcanxu (6o0.1pme 0,5 nmam 1,¢C PaB/c) POXAANTCS B KBAPKOBHX NJH I'JIOOH=-
HHX CTpYfAX.

WaacTenmaanus HelTPaJbHIX KAaOHOB MO OCH CTDPyH Oma AeiiCTBHTEJAbHO 06-
HapYXeHna B OXHOMHNOHHHX COONTHAX, CM. rJaaBy 7. JTOT HaKT He momoraeT,
oxHako, IPH OTpeJeJeHI apoyaTa iBapKa, CO03Jalmero CTpyw, NOTOMY YTO
HeiiTpaJabliNe XaoHI! MOrYT 6ITh DOXJAEHH OT PJADOHOB HJIM KBAapkoB JM6GHX apo-
MaToOB.

oauniecTBO Kg Ha CTDPYVH JJs1 DAa3JHUYNYX 1BapKoB, CO3ZaOmAX CTpPyw, OHI0
H3yYeHO € TOMONBI HTOrpam:irt Do3yrpuma cobirThfi no cncreme iMomre Xapao,.
SR cAaeJaH BHBOJ, UYTO [aaJIIUIlS B MIOWECTBEHHOCTH HeliTPAJbHHX WaoOHOB
AAS Pa3JHUHYX CTRYII He3HaunlTe bHr .laniu 06pa3oi, MIOXECTBEHIIOCTh Hell-
TNAJIBELX a0HOB B CTDNVAX HE 107eT O6MTH IICNO.Tb30BaHa AAA O.03HaBanns
cTpyit. 'iomeneunHuil LMIY.IbC Hel!TDAJBHHX KaoONOB OTHOCHTEJIBHO OCI CTDYH
IJIS Da3JUUHIX 1Bapion 06aojJa’T NDPUSIAN3KTENbHO OJITHAIIOBHR! 3HAUEHHEM.

Kamusn: NCRJAPUeINe: JBJASIOTCH CTHVII C MINOITOM,H3MeDenHre D gpeiihopoft ka-
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Mepe., 3 TarHX MIDOHINIX CTPYydX Pas3Hnna B CPeJHHX 3naqennﬂx<<ﬁf(Kg)>
MeXJAy CTpYAMII OT b M C KBapKoB, NOJy4YeHHas N0 pe3yabTaTaM lonte “ap-
X0 cocTasBaseT npnbamanteasno (,43 I'sB/c.

06uriHO 12017 POXAAETCHA B KOHIEe CTYINeHYaToOro paciaza THReNOro KBapxa,
MO3TONY BJANANIIE KDapkoBoil Macci Ha BEJINUNHY OTHOCIITEJbHOTrO NOMEeDEeYHO-
rec nMnyabca pachpejeiseTcs MexAy MHormMm vacrtupmann, COxmaro, ecam Heli-
TDaJbHUI! KaOH ABJATETCsT BeIYNMIM, TO MOXHO CAelaTh BHBOJX, YTO JaHGO OH
611 POEJICH B caMOM NauajJe pacnaza, JmM60 BRIax MDOMEXYTOUHIX YacTHU B
nonepeuHuit MMIYJbC CTPVHM He3HAUNTeJEeH. i1aKkiuM 06pa3oM, B MHOHHHX CTpPy-
SIX pasHUna B CDEXHMX 3HaueHHAX ﬁngnpywmero KaoHa MexAy CTpyaMu b M ¢
KBapKoB cocTasJageT oxoxao (,20 I'sB/c. Doxee TOro, momepeuyHsl HMIYJbC
JnIupyomero Hef#iTDAJIBHOr'0 Xa0HA OTHOCHTEIBHO OCH MIOOHHOH chyn HecerT
Ty ‘e MAHOPMANNI O NPOAVENII TAKEJSHX K3apKOB, YTO H p':e(ta) caMoro
MWOHA. !lI03TOMY, COrJaclo pe3y.JabTaTaM, NOJYYEHHEM IO cOGuTHAM MOHTe
JapJo, ﬁ:%Kg) JUANPYHMEro K8OHA B MIOOHHHX CTPYAX MOXeT 6:1'Th HCHOOXb-—
30BaH JAJAS OTIeJeHHUsS COOHTHH CO CTIYAMM h KBApKkoOB OT COOHTHHK CO CTPYys-
MH ¢ KDApKOB H OT HOHOBHX cobiTmii,

MroxZecTBEHHOCTH E; M MmonepevyHHIl AMOYJbC OTHOCHTEJbHO OCH CTDPYH,
H3MepeHHHe B PeaJbHHX OIHOMIOOHHHX COOGHTHAX, OPHSIN3IATENHHO DABHH 3Ha-

.
geHnaM oxmzaemiM no MomTe Kapao. Pacnpenexenus p:

%r») MI0OOHA B CTPYAX
b M Cc xBapkOB, noayueltHme no naHHeM ilomTe Kapaxo, 6muM HCnoab3OBaHH IJSA
ompeaeJeHHA JAO0JH peaJbHHX cC6uTHIi, cOxepXamuX CTPYH b HJIu ¢ EBaApKOB,
Bruro HafifeHO, UTO B OJAHOMIWOHHHX COOHTHAX NpPH p7qu)>7 PaB/c AO0JXs KBap-
koBHX coburmit bb cocrasaser 0,65%0,I2, a mpm p_ (m)>6 I'sB/c oma coc-
rasaser 0,55 *(,09 (cmM. mpmaomennme B). Hamepenme p':e(Kg) AuAAPYRMmE -
ro XaoHa B OXHOMNOHHHX COOGHTHSAX NPHBEJIO K TeM Xe peayJabTaTaM, Takmu
o6pasom, nyreM oT6opa coGHTHII ¢ KaOHOM B MHOHHO{l cTpye 6na noJaydeH Ha—
6op coburnii, coxepmammuii MeHbmee UUCAO HOHOBHX COGHTHIA.

OnmrcanHmii MeToa OT60pa COOHTHII ¢ HelTPaAbHNM KaOHOM B MHOHHON CTpye
HMeeT CYLeCTBEeHHKI HeZOCTaT0K, BHpaxawmuiics B HH3KOIl 3)GeKTHBHOCTH
BOCCTAHOBIEHNA HefiTpaabHHX KaoHoB ( oxoxo 15%) B apefidbobofi xauepe
ycranoBer Ui{. I[loaromy or60p coburmii, cozepxamHX TAXeJNHe KBAPEA C
HCNOJb30BaHHEeM TOJBKO MIJOHOB, HamMHoro 3hHexTnBHee., lcnoab3onanne neii-
TPaJbHHX KAaOHOB 6ruo 6H ONMpaBAaHO JAAS ONO3HABAaHHA CTpyH, He cojxepxa-

™MIIX MIOOHHI, Ho B Tarmx CTNYAX IOJIYyUIITH COOTBGTCTBY!OHLHﬁ cIrHaJg ¢ Mew-

T}*&OBHMM 20170 ITeé yAaJI0Ch,
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Appendix A

Tables for ng reconstruction
efficiency.

The efficiency of K2 reconstruction is calculated from the ’Single K2’ efficiency with corrections
for the Monte Carlo overestimation. The ’Single K2’ efficiency is calculated by generating a K2
decay in an otherwise empty Central Detector. The new kaon selection cuts discussed in the
chapter 4.2 have been used. The *Single K3’ tables have been calculated for a flat p;(K2) range
of [0.2,0.5], [0.5,1.0], [1.0,3.0], [3.0,5.0] GeV /c. The (uniform) rapidity (y) and azimuthal angle
(&) ranges in each p; interval are [0,0.5], [0.5,1.0], [1.0,1.5], [1.5,2.0], [2.0,2.5] for the rapidity
and [0,22.5], [22.5,45], [45,67.5], [67.5,90] degree for the ¢ angle. The efficiencies are presented
in tables A.1- A 4.

The variation of the efficiency with p; of the kaon is a stronger effect than the coarse p; ranges
above suggest. Therefore we have calculated the efficiency for a central rapidity and ¢ intervals
of 1.0 < y < 1.5 and 45 < ¢ < 67.5° in small p; steps of 0.2GeV/c in the whole transverse
momentum range of 0.2 to 5GeV/c. The results are presented in table A.5. The 'Single K%’
efficiency A(p:,y,®) is obtained from the tables A.1- A.5 by:

Ei’(pt, Y, ¢)
Ef(pt’ Yo, ¢0)

where E} are the tables A.1- A.4 and Ej is the table A.5, yo and ¢o are the central values of
rapidity and azimuthal angle, for which Ej is calculated. In the equation A.l1 we assumed, that
the form of the rapidity and ¢ efficiency distribution is about the same inside a single p; interval
of tables Ej.

This assumption has been checked by computing the difference between A(p:,y, ) calculated
with equation A.1 and by calculating the *Single K2’ efficiency directly for a number of points
at the boundary of the p;, y, ¢ intervals. It has been found, that the values agree with each
other within AA =~ 0.02.

The value AA = 0.02 has been taken as a floor error on the efficiency calculation. The
statistical errors given also in tables A.1- A.5 are added quadratically:

A(pta Y, ¢) = : E;(pt’ Yo, <;30) (A-l)

AA(ph y,¢) = (AEls(ph y)¢))2 (AEj(pta Yo, ¢0))2 (AE'E(P:,!IO, ¢0))2 + (0 02)2
A(ph Y, ¢) E;(pt’ Y, ¢) El’(ph Yo, ¢0) -Els(pt’ Yo, ¢0)

| (A2)

To obtain a realistic efficiency the ’Single K3’ efficiency A(p:,y,#) has to be multiplied by

the Monte Carlo correction factor Cy,,. defined in eq. 5.1. Also the background from track com-
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binations accidentally passing the V° reconstruction cuts has to be subtracted. The procedure
to calculate the cross section is described in chapter 6.

Table A.1: Single kaon efficiency in % for 0.2 < p; < 0.5 GeV/c.

Pldeg]/y | 0.0-0.5 0.5-1.0 1.0-1.5 1.5-20 | 2.0-25
0-22.5 25+03 [11.9+06[209+0.8]139+0.6 [ 5.0%0.3
22.5-45 |12.6+0.6) 8.4+0.5 | 262+1.0|20.6+0.8| 7.5+0.5
45-67.5 | 24.6+09|158+0.7|268+1.0{21.5+0.8| 7.9+0.5
67.5-90 |28.14+1.0]254+1.0/305+1.023.5+0.9]9.4+0.5

Table A.2: Single kaon efficiency in % for 0.5 < p; < 1.0GeV/ec.

¢[deg]/y | 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5

0-22.5 62+04 | 228+09|28.71+1.0)22.2+09 ] 123+0.6
22.5-45 (221+09(208+08|37.7+1.2|338+1.1{225+0.9
45-67.5 |385+12|31.3+1.0|39.6+1.2|368+1.2]22.0+0.9
67.5-90 | 45.1+1.31423+13|43.5+1.3|383+1.2|22.7+0.9

Table A.3: Single kaon efficiency in % for 1.0 < p; < 3.0GeV/c.

¢ldeg]/y | 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5
0-22.5 86+05 |29.5+1.0349+1.11309+1.1{21.1+0.8
22.5-45 |1 24.44+09(27.0+1.0 |356+1.1 {31.5+1.1}24.9+0.9
45-67.5 |33.7+1.1(344+1.1)366+1.2)|33.7+1.1251+0.9
41.8+13139.2+1.2|383+1.2|346+1.1]23.2+0.9

67.5-90
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Table A.4: Single kaon efficiency in % for 3.0 < p; < 5.0GeV/c.

#[degl/y | 00-05 | 051.0 | 1.0-1.5 | 1.520 | 2.0-2.5

0-225 | 6.2+04 [245+09|263+0.9|21.840.917.5+0.7
22.5-45 | 11.1+£0.6|23.3+09 |22.7+£1.0|246+0.9 [ 20.1+0.8
45-67.5 | 17.6+£0.7|222+09|27.5+1.0 | 25.8+0.9 | 17.3+0.7
67.5-90 | 19.4+0.8|23.2+0.9|26.6+1.0]24.24+0.9]16.8+0.7

Table A.5: Single kaon efficiency in % for 0.2 < p: < 5.0GeV/c and a central rapidity and ¢
interval: 1.0 < y < 1.5 and 45 < ¢ < 67.5°.

pGeVjc | E3[%) | pGeV/e| E3%] [pGeV/ic| E3%] | pGeV/ic| E35%]

0.2-0.4 25.6+0.9 1416 [430+13| 26-28 | 344+£1.1 3.8-40 |25.2+0.9
0.4-0.6 31.7+£1.1 16-1.8 | 43.7+13 ] 2830 }356+1.1]| 4.042 |242+09
0.6-0.8 360+1.1 1.8-20 |41.2+12 | 3032 |321+1.1] 4244 |221+09
0.8-1.0 400+12| 2022 |406+12| 3234 |296+10| 4446 |21.2+08
1.0-1.2 436+13| 2224 |386+12]| 3436 |272+1.0] 4.6-4.8 19.8 £ 0.8
1.2-14 421413 ] 2426 |36.0%£1.1 36-38 |271+1.0] 4.8-5.0 19.7+ 0.8
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Appendix B

Measurement of the bb fraction.

In chapter 7 we have calculated the fraction of the bb events in the muon data samples with
a leading neutral kaon using p;*'(K$) with respect to the muon jet axis. The fraction of bb is
0.7+0.3 in both data samples with p;() > 7GeV/c and with p;(1) > 6 GeV/c. In this appendix
we describe a method to measure the bb fraction more accurate.

Large errors in the above bb fractions are coming from three sources. First of all, the accuracy
is limited by the statistics of the real data: there are only 75 events in the muon data sample
with p,(u) > 7GeV/c; it is slightly better in the sample with p;(u) > 6 GeV/c, containing 132
events. Second, the Monte Carlo data sample of the bb and the cZ events containing a leading
K¢ after the detector reconstruction is rather small. There are 99 bb events and 33 cZ events.
Third, the use of the < pj¢ > averages of the corresponding distributions to calculate the bb
fraction enhances the error in the bb fraction.

To measure accurately the bb fraction using pi/(K2) of a leading kaon in the muon jet we
have fit the Monte Carlo distributions to the real data. For this fit the statistics of the Monte
Carlo data, especially the number of the ¢¢ events had to be increased. A large increase in
the number of the available Monte Carlo events can be achieved by using the data without
the detector simulation. This way is prohibited, however, because the jet definition must be
changed drastically and therefore the selection parameters have to be changed as well. An
example is given by the cut on the transverse mass of a jet (m;). Events, that were passing this
cut after the reconstruction in the detector, obtained contributions to m; from unreconstructed
tracks and therefore did not satisfy the m; < 2GeV/c? cut any more. To overcome these
difficulties, we selected the muon events after the detector simulation and used kaons without
their reconstruction in the detector. As discussed in chapter 5, the kinematical parameters of
the kaons after the detector simulation do not deviate strongly from their initial parameters.
However, it is necessary to weight the events with these ’bare’ kaons by the corresponding
efficiency (see appendix A), otherwise the observed kaon spectrum is too hard. After weighting
we obtained the following results for the < p{*/(K2) > of the leading kaon in the Monte Carlo
data:

0.65 + 0.02GeV/c (438) bb

rel 0 —
<P(KS) >Lead = { 0.37 £ 0.02GeV/c (175) ¢z (B.1)

The number of events is given in the parenthesis.

Using these distributions of pj¢/(K'2) of the bb and the ¢Z events we have fit the real data
with pe(u) > 7GeV/c (fig. B.1) and with p(u) > 6 GeV/c (fig. B.2). As in chapter 7, we assume
the background distribution has the same shape as the c¢ distribution.
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Figure B.1: The p'e‘(Ko) in real data (with p,(u) > 7GeV/c) fit with the improved ISAJET pre-
dictions for the bb and the ct contributions. The Monte Carlo predictions have been normalized
to the number of events in real data.
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Figure B.2: The p"'(K ) in real data (with p,(p) > 6 GeV/c) fit with the improved ISAJET pre-
dictions for the bb and the cé contributions. The Monte Carlo predictions have been normalized
to the number of events in real data.
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The numerical results are:

0.65+ 0.15 for pi(u) > 7GeV/c

0.63+0.14 for py() > 6GeV/c (B2)

fraction bb = {

The x2/df values of the fit are 4.7/8 and 36.2/15 for the p;(1) > 7GeV/c and the py(u) >
6 GeV/c data samples respectively. We observe, that the statistics of the real data is still the
main limiting factor of the accuracy of the measurement. The x? of the fit to the data sample
with p;(p) > 6 GeV/c is rather high; probably the assumption of background varying similar to
the cc distribution is less justified in this case. In summary, the improved results emphasize the
conclusion of the present thesis, that the data selection with a leading kaon in the muon jet has
the ability to reduce the background in the single muon data sample.

The bb fraction of 0.65 % 0.15 in the sample with leading kaons is almost 2 times larger than
the bb fraction of 0.35 % 0.04 in the muon sample with p;(1) > 7 GeV/c [39], quoted in chapter 7.

The reason for this background reduction is understood within the Independent Fragmenta-
tion Model (chapter 2) by counting the different possibilities. Recall first, that the background
in single muon events is caused by decays of charged kaons and pions produced in the frag-
mentation of light u, d or s quarks. The ratio of K/n has been measured to about 0.4 for
pe(n) > 6GeV/c [39]. The specific combination of a charged particle at the first step and a
neutral kaon at the second step in the fragmentation of a light quark is not very common. The
largest contribution comes from an u quark, that can make a charged kaon or a charged pion:

- To make a charged pion (r* = (ud)) it picks a (dd) pair from the sea. The remaining d
quark lifts an (s3) pair from the sea to make a K° = (d5). The probability to pick an s3
pair is about 0.2.

- To make a charged kaon (K*+ = (u3)) the u quark picks an (s3) pair from the sea. The
remaining s quark lifts a (dd) pair from the sea to make a K° = (ds). The probability to
pick an dd pair is about 0.4.

Since the K /r ratio is 0.4 (ie. 71% 7% and 29% K?) the probability for a charged pion or
kaon and then a K° from an u quark is 0.25. In d or s jets the probability for this combination
is smaller by a factor of 8, since the neutral kaon at the second fragmentation step has to be
produced via an intermediary K*. The probability of about 0.03 has been obtained for the d or
s quark jets.

Thus, after the selection of a leading kaon in the muon jet the background from u quark jets
goes down by a factor of 4, while the heavy quark signal is less by a factor of 2 (see chapter 7).
The fraction of heavy quarks in the single muon data sample with p;(u) > 6 GeV/c grows from
0.3 to about 0.5, if the background events contain only the u quark jets. The percentage of the
heavy quarks goes up to 70% if the u quarks contribute only for 1/3 to the muon background.
Thus, the selection of a leading neutral kaon in the muon jet reduces the muon background more
than a factor of 4, in proportion dependent on the quark content of this background.

The explanation for the background reduction discussed above is not restricted to neutral
kaons produced in the second step of the fragmentation. The calculated probabilities for the
production of a neutral kaon apply everywhere in the fragmentation chain. Therefore, for the
background reduction, the only presence of a K° in the muon jet should be sufficient. To prove
this statment the Monte Carlo bb and ¢¢ pf*/(u) distributions have been fitted to the experimental
data. The fits are shown in fig. B.3 for the sample with p,(1) > 7GeV/c and fig. B.4 for the
sample with p,(u) > 6 GeV/c. Note, that the muon relative transverse momentum distribution
with respect to its jet in the Central detector has been used in this calculation, because the
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difference in the average < pi®(K2) > between the bb and the cz jets is only 0.13GeV/c (see
chapter 7), if the kaon is not leading. -
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Figure B.3: The g{"(u) in real data (with p:(p) > 7GeV/c) fit with the improved ISAJET pre-
dictions for the bb and the c€ contributions. The Monte Carlo predictions have been normalized
to the number of events in real data.
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Figure B.4: The g;e'(u) in real data (with p,(u) > 6 GeV/c) fit with the improved ISAJET pre-
dictions for the bb and the c€ contributions. The Monte Carlo predictions have been normalized
to the number of events in real data.

The numerical results are:

0.65+0.12 for p(u) > 7GeV/c

0.55+0.09 for p(u) > 6GeV/e (B.3)

fraction bb = {

The x2/df values of the fit are 11.8/17 and 9.43/18 for the p;(1) > 7GeV/c and the p,(u) >
6 GeV/c data samples respectively. Therefore the selection of neutral kaons in the muon jet
allow to reduce the background in the single muon events.

In conclusion. the described method of data selection allows to obtain a sample with a high
heavy quark percentage in the single muon events with p,(u) > 6 GeV/c.
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Stellingen behorende bij het proefschrift

K9 production in u-tagged jets at the CERN pp Collider.
van Igor Evgenievitch Zacharov

In 1988 the UA1 detector is a dedicated muon detection facility [1]. An exper-
iment to improve the limits of the top mass will be more successful by studying
B° — B° mixing via the muon signal than by a direct top search.

[1] The UA1 Program for the 1988 Collider run, CERN SPSC 88-29, SPSC/M 437.

The perturbation series for the strong coupling constant a,(u) is not expected
to converge, because of the non—perturbative effects of the QCD. Therefore the
hope that a,(x) will not depend on the renormalization scale y, when calculated
to all orders in the perturbation theory|[2], is not justified.

[2] see e.g. J.Stirling, Proceedings of the CERN Summer School 1988, in prepara-
tion.

At the future LHC/SSC accelerators the proposed warm liquid calorimeter
with Uranium—TMP or TMS [3] is either too slow, or too dangerous in operation.
°

[3] C.Rubbia in Festi-Val — Festschrift for Val Telegdi, ed. K.Winter, Elsevier
Science Publishers, 1988, p.213.

In the life time calculation for a e~ beam in a storage ring with an internal
target, Spencer [3] does not justify the neglect of the restoring effect of the syn-
chrotron radiation. If these damping effects are included, the calculated life time
of the beam can be more than a factor 2 longer.

[3] J.E.Spencer, in Workshop on Electronuclear Physics with internal targets, ed.
R.G.Arnold, R.C.Minehart, SLAC-REPORT-316, 1987, p.37.



The Principal Component Analysis searches ’automatically’ for a minimal set
of independent parameters [5]. In practice, however, the human experimentator
has to decide upon the most important parameters, based on physics arguments
and intuition.

[5] see e.g. H.-Wind in Formulae and Methods in experimental data evaluation, ed.
R.K.Bock et al., Vol. 3, CERN 1983.

The existence of solutions of the ’General Theory of Relativity’ (GTR), that are
interpreted as 'Black Holes’, is philosophically unsatisfactory. It is more natural
to assume that at high matter densities the classical equations of GTR loose their
meaning in favour of a quantum interpretation of the gravitational phenomena.

The scientific value of a Ph.D. thesis is, in general, not proportional to the costs
of its printing and distribution. Therefore the formal requirements for a thesis in
the Netherlands have to be reduced.

A chess game guided by a coordinated effort of all the pieces for the most im-
portant strategic aim cannot be lost.

Scientific theories are based on the typical, common elements of the perceived
reality. Myths are also based on these elements, giving them a reality, independent
of the perception.

A false theory can be confirmed only by a criminal practice.



