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i. INTRODUCTION AND OUTLINE

This work was carried out within the UA1 collaboration which consists of more than 200 scien-
ﬁste from 20 institutions. They operate a huge octecfo; at the CERN SPS—collider. Thls accelerator
produces proton — armproton collisions at a centre of mass energy of 630 GeV untﬂ 1986 the highest
avallable energy Although the UA1 detector was ongmally designed to detect the mtermedxate vector
bosons W"' and VA predlcted by the Glashow— Salam — Wemberg theory [1] it is able to explore a
much larger ﬁeld of physics. Such a field of interest is the physws of heavy quarks: charm, beauty and
the not yet dlscovered top quark The study of these heavy quarks was the main motivation for this
thesxs | | | | |

We ohose events w1th a pair of muons for our mvestlganons Such dnnuon events lead to the dis-
covery of the Z° in 1983. It was soon realized that dimuons offer a clean signature with low back-' |
ground. They should be ideal for the study heavy flavour physics, as muons can cleanly be identified in
presence of hadronic activity. The 1983 run delivered 24 dimuon events below the Z° mass. Early re-
sults from these events have already been published [2], but the small number of events did not allow
quantitative statern'eots. In the following runs the detector collected six times the luminosity of 1983,
and a more complete picture of the physics leading to dimuons started to emerge [3] [4] [5]. The anal-
ysis of these events is the subject of this thesis.

Some of these dimuon events can be interpreted in terms of the Drell - Yan Process and Upsilon
decays. However, most of these dimuons have to be explained by the semileptonic decays of heavy |
quarks, especially beauty quarks. In order to validate this interpretation a detailed comparison of the
event properties with theoretical calculations was performed. Generally an excellent agreement is ob-
served. The only major exception is the surprisingly large number of events with muons of equal elec-
trical charge. These like — sign events can be interpreted by B —B° oscillations, which are the analo-
gon to the well known K°— K oscillations.

The question whether a signal of tt production can be found in the dimuons was investigated,
too. No signal has been found, but limits on tt cross sections depending on an hypothetical mass of

the top can be given. From this a model dependent lower limit on the top mass could be deduced.
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The thesis is organized as follows: Chapter two starts with a short description of the Standard
Model. Then the standard physics sources of dimuons are discussed. This is followed by a brief review
of beauty properties and an introduction into the phenomenology of B° B oscﬂlahons Chapter
three descnbes the SPS colhder and the UALl expenment The selection of the dxmuon data is the sub-
]ect of chapter four. In chapter ﬁve the background to the dunuons is dsscussed Thrs is done in detad
as the exact knowledge of the background level is extremely important for the search of B®— B° oscrl-
latlons In chapters 6 —~ 11 the events w111 be mterpreted in terms of physms processes This mcludes‘
detaxled compansons wrth Monte Carlo calculatxons In chapter 12 the results from the analysrs of
muons pairs at very low masses are refered The prospects of future high lummosrty runs for the d.l—
muon a.nalysrs are drscussed in chapter 13. Fmally the results are summanzed and we finish w1th a few

concludmg remarks




page 3

2. THEORETICAL OVERVIEW
2.1 The Standard Model

Our present knowledge of the fundamental laws of nature can be summarized in a theoretical
framework generally known as “Standard Model” [6]. The fundamental particles are spin 1/2-fermions,

six leptons and six quarks, which can be grouped in doublets of three families: |

N leptonsz Ve Py v, Q=0
€ I T Q= -1
quarks: u c (t) Q= +2/3
- d s b Q= -13

The top quark (“t”) has not been discovered yet.
There exist three fundamental interactions!, which are mediated by the exchange of spin 1 gauge

bosons:

o the electromagnetic interaction, mediated by the massless photon (y), which couples to electric
charge.

e the strong interaction mediated by eight massless. gluons, which couple to a quantity éalled
*colour”.

‘e the wea.k‘ interaction, mediated by the massive bosons W*, W~ and Z°, which couple to the

“weak isospin”.

The electromagnetic interaction has been well kﬁown since a long nme 1t is described in a gauge
theory called Quantum Electrodynamics (QED). A |

In the 70’s Quantum Chromodynarnics (QCD) wés dcveioped in analogy to QED. Rather than
to charge the force couples to “colour” existing in “blue”, “green” and “red” and to the corresponding

anti — colours. As only quarks and gluons carry colour, leptons do not feel strong interactions. Only

! In addition there exists gravity, which is not included in the Standard Model.
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colourless states (colour singlets) have been observed in nature. The quarks are grouped either in me-
sons, which consist of a quark carrying colour and an antiquark carrying antifcolour, or in baryons
which, consist of three quarks, a “blue” a “green” and a “red” one. Both res1ﬂts m a colourless ("white”) |
state.-

- .. The weak interaction, together with the electromagnetic interaction, is described in the Glashow —
Salam — Weinberg Theory [1]. The charged Bosons W+ and W~ induce transitions within a doublet of
the “weak isospin*? e.g. an electron transforms into an v emitting a W~. The weak interaction of
quarks is slightly more complicated. The physical states d, s, and b are a mixture of the weak eigens-
tates d’, s’ and b’. Weak interactions of quarks can therefore occur between different families, a charm
quark can decay into a strange quark or (less likely) into a down quark. The mixing is described by the

Kobayashi — Maskawa matrix (“K —M*) [7]:

N - 7 r T
&’ Vud Vus Vub| ' d
s = Ved ’ Ves Veb : -8
b’ Vid Vis Vib b.

The Z° induces neutral currents e.g.: Z° -+ et e”. Neutral currents between members of different
quark families are forbidden by the GIM mechanism. The Z° and the y are a mixture of eigenstates of
weak interaction (W°) and an interaction coupling to "Weak hypercharge” (B"). The mixing is de-
scribed by the Weinberg angle O, .

The theory 1-'equine's at least one physical scalar particle called Higgs. The Higgs field is necessary
to make the W énd Z bosons massive by spontaneous symmetry breaking. The Higgs particle has not
yet béen discovered. The Standard Model mékes no prediction for the Higgs mass®. The only theoret-
ic’él bound o;x the Higgs mass is an unitarity hnnt The Higgs paﬁicle should be lighter ﬁlan about one

TeV, otherwise perturbation theory would break down.

2 Only left — handed fermions are in doublets. Right — handed fermions are grouped in singlets (no evidence for right—handed )
»’s has been found so far) and cannot interact via W exchange. - :

3 This is also true for all fermion masses, they are parameters of the theory and have to be determined by experiments.
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Although the Standard Model describes Nature very well, it is generally not believed to be the ul-
timate theory. It needs many parameters which have to be determined experimentally: 6 quark masses,
3 lepton masses (if neutrinos are massless), 3 Kobayashi — Maskawa angles, one phase of the Kobaya-
shi — Maskawa matrix, the electromagnetic coupling, the Weinberg angle, the vacuum expectation val-
ue of the Higgs field, the mass of the Higgs particle, and the QCD scale A. These are 18 parameters. A
more fundamental theory should predict them. The Glashow — Salam — Weinberg model does not tell
why there are three families of quarks and leptons. The Higgs mechanism is not really understood and

involves theoretical problems (“fine tuning”) . Finally it does not include gravity.

2.2 Physics at the pp Collider
In proton —antiproton collisions at high energy all the fundamental interactions discussed in the

' previous section contribute:

& Weak Interaction: Production of Z° and W
e Electromagnetic Interaction: Drell Yan Process

e Strong Interaction: Production of jets and heavy quarks

- An quark and an antiquark can annihilate into a Z° or a W . This process lead to the discovery

-

ions and decay properties are in very good
agreement with tl.1e predictions of the Glashow — Salam — Weinberg theory.

Quarks and antiquarks can also annihilate into a virtual photon by electromagnetic interaction.
The photon can then decay into a lepton pair (“Drell Yan process”®).

Most frequently the quarks, antiquarks and gluons interact via strong interaction. These processes
will generally give pairs of hadron jets, which are most of the time due to light quarks or gluons. QCD
processes can also produce heavy quarks, like charm, beauty and possibly top. These heavy quarks

give jets, too. However, the heavy quarks decay by weak interaction and a fraction of them decays into

muons. Hence muons (in jets) indicate the presence of heavy quarks. In principle heavy quarks decay
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in electons as well, but electons can hardly be identified if they are in jets. On the contrary, muons are
able to penetrate a large amount of material absorbing all the hadrons, so that they can cleanly be
identified after the absorber. Therefore muons are an unique tool to study heavy quark physics.

_ The weak interaction of heavy quarks is not only responsible for their decay, but it can also lead
to flavour oscillations: The Kobayashi — Maskawa mixing allows transitions of neutral heavy mesons
(bound states of an heavy quark and a light antiquark) into their antimesons and vice versa, thus
transforming a heavy quark into its antiquark. The detection of such oscillations requires to tag the fa-
vour of both heavy quarks. This is possible if both quarks decay into muons giving a dimuon event. .
The sign of the muon reflects the sign (and therefore the flavour) of the heavy quark. A bb event nor-
mally gives a u*p~ pair, but if for example the b transforms into a bap*pt pair can be created.

Thus heavy flavour physics can ideally be studied with dimuon events. An ad'dition‘al advantage of |
.dimuon events is their low background* contamination (= 26%).

The standard sources of dimuons are discussed in more detail in the following scctions. This in-
cludes also the Drell Yan process and the decays of J/y and T. The iattcr are bound states of a héé.vy
quark and its antiquark and therefore due to heavy flavour production vas well. They can decay into a
muon pair, but the properties of these events are completely different from dimuons fromlcpen'heavy
flavour production. They are therefore discussed sepé.ratély.

- In. principle non —standard sources of dimuons ought to be considered as well. A search for such
processes was mé.dc in reference [9]. Preliminary results of this analysis do not show any evidence for

such processes.

2.3 Drell — Yan Production

The Drell— Yan process is the annihilation of a quark and an antiquark into a virtual photon

which decays into a lepton pair [see figure 1 a)]. Lowest order calculations predict a cross — section:

% Muons can also come from the decay of light quarks, mainly pion and kaon decays. These mesons have a long lifetime and
the decay happens after some way of flight. The muons are therefore most of the time not coming directly from the inter-
action vertex {= not “prompt”). Being not very interesting these decay muons are considered as background.
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do/dm = (8za?/3) F(r) 1/m? ' {

« is the fine structure constant. m is the invariant dilepton mass. The factor 1/m® expresses the matrix
element times phase space factors. The scaling function® F(r = m?/s) describes the probability to find
in a pp collision at centre of mass energy Jsd a quark —antiquark pair of invariant mass m.

The signature of such events are lepton pairs of opposite sign, which are generally not accompa-
nied by any nearby hadrons (perhaps by fragments from the remaining constituents of the primary
proton and antiproton). Hence, the muon pair should be isolated. This simple picture has to be modi-

fied taking into account higher order QCD processes as shown in figure 1 b) and c).

a +*

q /u"
a)

Figure 1: Drell— Yan Process: First and second order.

These processes increase the total cross—section and are responsible for the so —called ‘K —factor’.

They also cause a different topology of the events. The radiated quarks and gluons show up as hadron

S T T +h 1 nar
x

RN
Oifi i€ IMuUons, 50 tal Muons

jets. These jets are nommaily far away fr are still isolated. The muon

will have a relatively high transverse momentum?® in order to balance the jet(s), while muon pairs from
the lowest order process are at rest in the transverse plane (except for some py in order of 1 GeV/c
from the Fermi motion of the quarks inside the proton).

The quark —antiquark annihilation can also happen via a Z°, which also decays directly into lep-
ton pairs. On a single event base this process is indistinguishable from the annihilation into a photon,

“but it leads to a resonance enhancement of the cross — section at the Z° mass.

3 If there are scaling violations (and there are) this has to be modified into F(r,Q3), in our case: Q* = m?

% As usual in pp physics transverse momentum (“p;”) is defined with respect to the beam axis.
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2.4 J|Y and Upsilon Decays

.Resonance production of dimuons is also expected through the T and J/y states. Such a vector -

meson, consisting of a bound bb (T) or cc state (J/¢), can in principle be produced by the Drell ~ Yan

process, if the virtual photon converts into the bound quark antiquark state. It can also be produced

by strong interaction, and this is expected to be one of the main sources at the collider. Another im-

portant source of high p; J/¢’s could be the decay of beauty mesons. A branching ratio B - J/y X of

about 1 % has been measured [11][12]. .

As the strong decays of these mesons are suppressed by the Zweig rule, a sizable fraction of them.

decays electromagnetically into lepton pairs. As for dimuons from the ordinary Drell—Yan process

these muon pairs are unlike ~sign and isolated. In the dimuon mass distribution they appear as reso-

nances above the Drell — Yan continuum.

The following table (1) gives an overview of the different quarkonia states” [75].

State Mass/ GeV/c? ‘Branching ratio into g g
I (18) 3.1 69 + 09 %
I (28) 3.7 09 + 02%
T (1S) 9.5 28+ 02 %
T (28) 10.0 1.7+ 1.6 % .
T (35) 10.4 45+ 0.8 %

Table I: JIy and T states

7 In principle there should be bound ti states as well, but cross— section and branching rations are expected to be so low that

this object is at the moment invisible [13].




page 9

2.5 Production and Decay of Heavy Quarks

According to theoretical expectations the most important source of prompt muons and dimuons
is the associate production of a heavy quark and its antiquark (charm, beauty and possibly top) by
strong interaction with subsequent semileptonic decay. The muonic decay branching ratio of heavy
quarks is about 10%, hence about 1 % of the heavy quark pairs will lead to diniuon events. Consid-
ering that the production cross — section of beauty and charm quarks via the strong interaction is about
10° to 10* times larger than the cross— section of the electromagnetic Drell — Yan process, it becomes
likely that this might Be the dominant source. A sizable fraction of the heavy flavour pro_duction at the
collider occurs at rather large momentum transfer. Therefore cross — sections and Idnerﬁaﬁc properties
shouid be calculable by perturbative QCD. The reliability of QCD calculations can be seen in figure 2,
which shows do/dp, for jets measured by UA1 [14]. The measured .cross — section is correctly described
by QCD over six orders of magnitude !

Heavy quark pairs are mainly produced by gluon —gluon fusion, the relevant diagrams are shown
in figure 3 . Quark —antiquark annihilation is less important. The theoretical cross — section expecta-
tions for heavy quark production (cc, bF and tfj is plotted as a function of the centre of mass energy in
figure 4 . The cross — sections for cc and bb should be large at the collider.

The quarks are coloured objects and have to form colourless mesons or baryons. In this step, the
so—called fragmentation, some fraction of the initial quark momentum is.used to create (light)
quark — antiquark pairs, which recombine with the heavy quark to a colourless particle. The remaining
light quarks build additional light hadrons. Hence the heavy hadron is contained in a jet of hadrons.
The heavy hadron keeps a fraction of the original momentum of the heavy quark. ms is expressed by

the fragmentation varable z:

z= (B + plDhadron / B + Plquark = {2

where p| is the component of the hadron’s momentum parallel to the quark direction. The distribu-

tion of the fragmentation variable z can be described by the Peterson fragmentation function [19}:
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Figure 3: Heavy quark production in pp collisions




- page 11

N 1 1 1
10° - o -
PP
ISR

102

10
o
et
e 1
=]

(=]
10
107
10 10° 10> 10* 10°
' Vs (GeV) '

Figure 4: Cross— sections for heavy flavour production at pp collisions as a function of £
Isajet calculation using lowest arder contributions only.
The top mass was chosen at 40 GeV/c2.
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which depends.on a single parameter e.

The semileptonic decay of the heavy quark is mediated by a Wt eg. :
c -+ s W (virtual) -»7‘;;“ Vs

b ¢ W (virtual) = g~ v ¢
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In the casc of bb’ ?roduction muons can also come from the .decay of the secondary charm gquark.

If for example the b quark decays directly into a p~ and the b decays into a ¢ which subsequently de-
cays into a p~, an event with a like— sign muon pair is created. If a cut on the muon transverse mo-
“mentum is applied, the secondary decays are heavily suppressed, as some fraction of the momentum
has already been used up in the first decay step. In the case of top quarks there are three possible de-

cay steps:

t-bp*v thenb=+cp™ » and ¢ » sp*

,

\V -“ \'\v.. JJ
E\\ b b c E\ b

a) b) N c)

=
+

Figure 5: Dimuons from bb production
a) Unlike— sign event with both p's from first generation decays.
b) Like— sign event with one p from a second generation decay.
¢) Unlike— sign event from a cascade decay of one b.
Both muons are in the same jet, m,, < my

In heavy flavour production higher order QCD processes have to be taken into account. They
coqtﬁbute to the cross—section and give rise to additional jets, which tend to be far away from the
muons and the fragments of the heavy quarks. The heavy quark system acquires a large transverse
momentun:'l, which forces the muons not to be back —to —back (some higher order processes are dis-
cussed in the appendix).

Another source for heavy quarks is the decay of W and Z:
Z-+cc or+-bb or »tt

W+ +th and W~ - tb
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Of course the decays into top are not possible, if the top is too heavy. The W -t b decay might be
especially interesting, as it will produce like —sign dimuons from first generation. On the other hand
these processes are very rare as compared to the direct QCD production. |

In table 2 a compilation of the number of events expected at this experiment is given. This is
based on an Isajet Monte Carlo calculation (see appendix) for an integrated luminosity of 659 nb~*

including efficiencies of selection cuts and the detector acceptance®.

process: | events expected: comment
Drell—Yan 30

£8, 84, 9q ~ ¢ 4

88, 8Q, 9q = it 34 m(t) = 25 GeV/c?
g8, 89,99 —~ tt 4 m(t) = 40 GeV/c?
Z° - bb | 0.6

VAR 0.1

Z° - 17 0.2

Z° - it 0.5 m(t) = 25 GeV/c?
Z0 - tt 0.2 m(t) = 40 GeV/c?
W - tb (ib) 3 m(t) = 25 GeV/c?
Wt - tb (ib) 3 m(t) = 40 GeV/c?

Dimuons from Drell— Yan and heavy flavour production
(after cuts at an integrated luminosity of 659 nb™*).
Py > 3 GeV/c for each muon and mt# > 6 GeV/c?

Table 2: Expected number of dimuon events

It can be seen that bb production is expected to be the dominant source of dimuons. Ignoring
threshold effects the production cross — section for cc is the same as for bb, and they are produced with
an identical py spectrum. However, the beauty quark has a harder fragmentation than the charm {90].

This means that, on average, the B—mesons keep a larger fraction of the momentum of the original

& As described later we demand the p; of each muon to be larger than 3 GeV/c and the invariant dimuon mass to be larger
than 6 GeV/c? .
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quarks. This results in a harder p;y spectrum of muons from beauty quarks than from charm quarks,
and once a py cut is applied bb events are favoured compared to the cc . In addition, there is a smail
effect from the V~A coupling in the semileptonic decays of the mesons, which also favours muons'
from beauty. A QCD calculation of the p; spectra of beauty quarks, B—mesons and muons from

B —meson decays is plotted in figure 6, together with the corresponding spectra for charm.

10 p 10°
[ , ISAJET 5.21 [\ , | ISAT 521
B u) #* order QLD only ‘ \\ b) #t order QLD only
L _ R
wh o Pp—tB _ 1°F  Ppt
[ ——— b—B f \ ——— =D
———— By B | |
100F 10 !
< T ok
S 0 > Ot
3 A [
g <
e € R
(] —
° - 10%
5 0E &
3 B
a © |
107! 0|
1072 NN ’ N , 0
: AN N i
10-37 10-3 -
g 8
1 . i i H ] i 1 i 1 i
0 10 T2 30 40 50 0 10 20 30 L 50
Py lGeV/dl Py [GeV/d

Figure 6: p, spectra of quarks, mesons and muons.
a) from bb production. :
b) from cc production.
(Isajet calculation, lowest order only)

Of course the numbers in table 2 have to be regarded as an hypothesis. It is the analysis of the
'data which has to show their validity.
In summary, ignoring top decays, the events from heavy quarks should have the following prop-

erties:
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¢ The muons are accompanied by hadrons from the heavy quark fragmentation and from its
semileptonic decay. They are therefore not isolated.

° Théy have predominantly opbosite sigﬂs, but some like —sign events from second generation
decays are exfected; |

; The muoné are& generaily back —to— back® in the transverse plane. Higher order contributions .‘
éan lead to ‘a fracﬁoh of events with smaller azimuthal angles between the muons. These

events have additional jets far away from the muons.

Table 2 shows that some contribution from tt production is possible, if the top mass is not too
heavy. Because of its high mass the total tf cross— section at the collider is very small compared to the
bb cross —section. A top quark of 25 GeV/c? should have a production cross —section of about 10 nb,

- whilst the bb cross —section should be in the order of several ub. On the other hand it is much more

;.. likely to.get a dimuon event from tt than from bb:

| 0 The ‘fragmentation of the top quark is even harder than the l;—fragmentaﬁon.
e Bécausé of the lérge masé, muons from top decays have very high momenta and can easily
satisfy our p; cut, even if the top is produced nearv threshold.
¢ Muons from second and even third generation decays are less suppressed than second genera-

tion muons from beauty quarks.

As the tt ;:ross—section depénds strongly on the top mass, the expected dﬁhuon rate falis rapidiy with
increaéing top mass. Dimuons from tt production are practically absent, if the top is heavier than SQ
GeV/c?. In this case there still exists the possibility to observe a few events from W - tb. This contri-
‘bution depends only slightly on the top mass, as long as it is light enough to be produced by a‘Wi

decay.

? There are also dimuons from the cascade decay of one b, which will be close together. In our analysis these events are cut
away by demanding a dimuon invariant mass larger than 6 GeV/c?. ‘
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2.6 Review of Beauty Physics

As discussed in the previous chapter, bb production is expecfed to be the dominant source of di-
muons at the collider. Hiddén beauty was found in 1977 with the discovery of the T, a bb bound state
(16]. Open beauty, that is a meson contammg a beauty quark and a light antiquark, has only been
studied at e*e” storage rings, espccxa.lly at “b—factories” like CESR and DORIS These experiments
use the T(4s) resonance, which decays predominantly into pairs of B—mesons. So a lot of experimen-
tal information about the beauty quark is already available. This informatioﬁ is used to make more
detailed predictions about bb physics at the coltider. Therefore a short review about known b—prop-
ertiés shall be given.

Bt (bw, bu) and By°® (bd)!° are copiously produced in the decay of the T (4s) and most of the
data refers to these mesons. The Bg® is too heavy to be produced in (4s) decays. Probably the T(5s)
will not decay in B either [17]. It is certainly produced in continuum production, but has not been
identified yet. A search for the spin one B* mesons was made by CUSB [17] looking for gamma lines
in T(Ss? data, fand a 50 MeV signal from the B*. - B yv transition was found. An overview of the B—

mesons and their masses is given in table 3 [18].

Meson quark aésignment spin ' 1mass

B~ -  bu 0 5271 £ 3 MeV -

Bi , bd 0 5275 + 3 MeV

B ' o bu, bd 1 =~ 5320 MeV -
_ (not separated) v

B{° bs - 0 > 5430 MeV (7))

Table 3: Masses of B— mesons

19 11 this thesis I will chose the convention that a meson containing an anti—b quark is called a B —meson and vice Versa (as
recommended by the particle data group). ' ) ' s
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Fragmentation and semileptonic decay link the p; of the beauty quark, which is calculable by
QCD, to the p; of the muon, which is measured by our experiment. Therefore Monte Carlo calcula-
tions of muon properties depend on the exact knowledge of fragmentation and decay.

The beauty fragmentation has been measured in e*e™ continuum production. The B —mesons
were tagged by leptons with large momenta transverse to the jet axis. In this way they are separated
from charm decays. The distribution of the lepton momentum parallel to the jet axis was fitted varying
the parameter e. The average z value for the b was found to be 79 + 3 %, which corresponds to an ¢
of about 0.015* [15] [90].

After the fragmentation the B hadrons decay by weak interaction. As there is no experimental
data on B ~baryons, the following refers only to B—mesons. First a few things about the theoretical
framework of B —decays:

The B —meson decay should be determined by the decay vertex of the beauty quark:
b+ W~ c(Vg = 004 orb+ W~ u(Vy, < 0.008) {4}

In the spectator model, the light (“spectator”) quark in the meson is not involved in the weak decay, it
recombines in a later step with the beauty decay products. Some spectator diagrams are shown in fig-

ure 7.
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Figure 7: B— meson decay in the spectator model

! This ¢ depends somewhat on the exact fragmentation scheme use in the model (see Appendix)
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From simple counting of the possible decay products of the W, an cstimate of the leptonic decay
branching ratio can be derived (The quark decays have to be multiplied by three as the quarks exist in

three colour states):
W -+ 3ud, 3cs, ev, uv, v ‘ | {5}

which gives-a muonic. branching ratio of 1/9 = 11%. In more detail the partial decay widths can be

expressed by:
I =[G my® [ (192 7%)] x ([Vipl* x C x ph o {6}

Gy is the Fermi coupling constant. Vi is the respective Kobayashi —Maskawa matrix element (V¢p or
Vub)- C is a colour factor, which is one for decays into leptons and three for decays into quarks. ph is
a phase space correction for decays into massive particles (c and 7).

The spectator model predicts equal branching ratios and lifetimes for all B—mesons (B¥: B%
a.nd BY). It is known that this prediction is incorrect in case of the b—mesons. Lifetimes and leptonic
branching ratios of D¥: D° and F are different. Mechanisms which can lead to such differences are
QCD corrections and non — spectator decays.

QCD corrections (fig. 8 ) generally enhance the hadronic decay modes.

"

> _ —
a) b)

Figure 8: QCD corrections to the spectator model

(]
ot

The gluon exchange between the quark lines changes the colour flow in the diagram. The effect can be

demonstrated with the diagrams 7 c) and 8 c): The decay in 7 ¢) is called colour suppressed as there is
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only a 1/3 chance that the recombining quarks are in correct colour states. However, with QCD cor-
rections [8 c)] the colour charges can be rearranged reducing the colour suppression. These corrections
can be calculated in leading log approximation. Thus the hadronic widths should be proportional to‘
3.7 instead of 3 without QCD corrections. Differences between different mesons could be due to inter-
ference of final states (“colour clustering”) [20].

In addition to the spectator diagrams there exist non — spectator diagrams of the B —decay (fig. 9).

e T

Figure 9: Non— spectator diagrams for B—meson decay -

w +QCD

- — oo oo won v
]

cl

In principle they should give only minor contributions to the B —dc<-:ays. Diagram 9 a) is heavily sup-
pressed by the small V3, matrix element of the Kobayashi — Maskawa matrix. Both dcqay modes 9 a)
and b) are helicity suppressed, as the decaying mesons are in a pseudoscalar (07) state and couple to
the V— A structure of the weak interaction. However, QCD correction can reduce the helicity sup-
pression. If the up quark radiates a gluon, the bu system is not longer in a 0~ state and helicity sup-
pression breaks down. The decays of the neutral B—mesons are especially affected by that, as their
non—spectator'décays are less K —M suppressed. Such effects could lead to differences in semileptonic
branchjng ratios and lifetimes between neutral and charged B —mésons, as is observed for the D* and
DC,

“Because of the large mass of the b—quark, QCD corrections and non—spectétor decays should
be less important for beauty mesons than they are for charmed mesons. Estimates for lifetimes of
B —mesons predict 7(B°) > 0.77 +(B*) [20] [21], which would be a smaller difference than that meas-
ured for charm mesons: (D% = 0.5 r(D*). In this thesis it is assumed that these differences can be

neglected.
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It shall be mentioned that the decay B* - 7*» is of special interest {fig. § a)]. Because it is purely

leptonic it can be calculated exactly:
I(B* -+ ) = [Gf my*/(192 73)] [Vypl? 2472 fg? (m,? / mp*) (1 -m,*/mp?)? (N

fg is the B —decay constant or pseudoscalar coupling constant (similar to f; and fi) which is given in

a nonrelativistic model by:
fg? = 12 [y(0)]* / mg = 100—200 MeV {8}

¥(0) is the B wavefunction at origin. fg measures the probability that the b and the u coincide spatially
and annihilate. We will need this factor later in the calculation of B®—B° oscillations. If Vub 18
known, this decay would allow to measure fg .

Having described the theoretical aspects of B—meson decays, we now review some experimental

results. From the experimental point of view following properties are of interest:

e The B—meson lifetimes

] Semileptonic branching ratios

o

The lepton momentum spectrum
e The momentum spectrum of the D —mesons from the B—decay

"The hadronic decay modes.

.Branching ra;.tios and lifetimes have been measured, but only for an unknown mixture of neutral
and charged B’s; The world average for the lifetime is 1.12 + 0.2 ps [15]. As expected for a Kobaya-
shi— Maskawa suppressed decay, this lifetime is rather long. The muonic branching ratio’? was meas-
ured to be 11.7 + 0.9 % [15]. This branching ratio comes very close to the one expected in the naive
spectator model, so QCD corrections and non — spectator contributions may not be very important.
There exists also a measurement of the colour suppressed decay B -+ J/y X which has a branching ra-

tio of 1.4 £ 0.6 % [11]. This decay mode can be an important source for high pt J/¥ at the collider.

12 This was measured with B’s from the T {4s). Measurements at continuum production give a value of 12.3 + 0.9 %. The
measurements agree within the errors, but they do not need to be the same as the B —meson mixture is different in reso-
nance and continuum production.
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. The spectrum of leptons and D —mesons from B —decays is compared with ISAJET calculations
in figure 10 [22]. For our purpose it is important that the Monte Carlo programs used to calculate bb
physics correctly reproduce these spectra. For completeness it shall be mentioned that the lepton spec-
trum can be used to measure the b - u transition. As the up quark is lighter than the charm, the mo-
mentum spectrum of leptons from a b + u decay has a higher endpoint than from the b - ¢ decay.

From this a limit for b - u of < 8 % was derived [15].
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Figure 10: Kinematic properties of B— decays:
(a) lepton momentum spectrum (b) D momenturn spectrum
The solid line represents the Isajet simulation of the B— decay.
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The properties of hadronic decay modes are ifnportant as D—mesons from B—decays can give
" secondary 1¢ptohs. Of special interest are two —body decays, e.g.:
B - D, ér -+ Dp

These two — body decays can give a larger momentum to the D’s, as compared to three and more body
decays, and secondary muons with high momenta become more likely [23]. Although some of these
decay modgs have been seen with low branching ratios [24], the overall fraction is still unknown.

In conclusion it can be said that the propérties of B—mesons are basically understood. Neverthe-
less more information is needed, especiall; aBQut lifAeﬁme‘ and Branchiﬁg ratios separatly for the diﬁer-

“ent B~ mesons, about the role of two body decays, and about the properties of B —baryons.
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2.7 Phenomenology of Flavour Mixing

As already mentioned, the quark states participating in the weak interaction are not mass eigens-
tates, but a mixture described by the Kobayashi ~ Maskawa matrix Vij . The matrix elements Vij can

be parametrized as:

Vu Vus  VYub C €35 8,83
Ved Vs Veb —§,C; €,C;C3— 5253316 €8yt c352‘318
| Via Vis Vb | le’sz ' —,C48; — C;85e10 — €, 8,55+ C,C3eld |

with ¢; = cos(©;) and s; = sin(8;). © 1,0, and © are three mixing angles, and 8, a phase which may - -
be responsible for CP violation. |
_ Some of ' the matrix elements have been measured, the remaining elements can be calculated (90%

conﬁdence level of |Vij| [37):

[ . ' S b
0.9743—-0.9757 0.219 —0.225 10.000 —0.008
0.219 —0.225 0.9733—0.9748 0.039 —0.050
0.002 —0.017 ~ 0.037 —0.048 - 0.9987-10.9993

The matrix is almost diagonal. This leads to Wolfenstein’s parametrization [25], which expresses the =

matrix in terms of A, with A = sin(@¢) = 0.23 (8, is the Cabibbo angle):

1 — A2 A ANp — i)
~A 1 -2 A2 + 0%
AN (L—p—in) T 1
A=10%02 p? + 7% < 0.65

This Kobayashi Maskawa mixing of the quarks allows transitions between neutral mesons and
their antimesons via second order weak interaction, which change their flavour quantum number F by
£2 ( F being “strangeness”,"charmness”,"beautyness”, etc.), like K® - R°, D° » D°, B® » B°, T° >

T° and vice versa. The relevant “Box” diagrams for such transitions are shown in figure 11 .
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Figure 11: Box diagrams for AB = 2 weak transitions

The phenomenology of these transitions can be derived as follows: The flavour states M® and M°
(M represents K,D,B and T) are not eigenstates of the weak interaction, but a linear combination .

(“mixing”) of weak eigeristates M, and M, (assuming no CP —violation):
MO = (M, + M)iyZ MO = (M, — My)/y/2 | {9}

These states may have slightly different masses and decay widths m;, ', and m,, T, respectively, and

their time evolution will be'? (in the particle’s rest frame):
a(t) = (0) exp(—imt — T/2) (=12 - (10)

If at t=0 a pure M state is produced, then:

1/2 Ja, (t)— ag(t)lz

2,(0) = a,(0) = 1//Z an
The probablity of observing an M? state will develop according to:
1/2 Ja () +a,(t)|]? = 1/2exp(—Tt)[ 1 + cos(Amt)] o ‘{12}
and that for an M° state:
= 12exp(-Tt)[ 1 ~ cos(Amt)] a3

13 I use units with# = c = 1
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with Am = |Jm;, — m,| and T' = T'; = T, (for simplicity assuming that the decay widths of both
states are equal, which should be a good approximation for the D° and B®, but is wrong for the K.
Thus the system oscillates with the frequency Am between the meson and the antimeson state, damped.
by the lifetime + = UT. If the oscillation frequency Am is very high, only time integrated quantities
can be measured by experiments. Therefore we integrate {13} from t = O to infinity. Normalizing by -

the total decay rate T we obtain the probability to observe a Mo meson instead of the original M°:

= (1/2) Am/TY? /[1 + (Am/TY] | {14)

Thus the transition probability depends on the ratio of mass difference to decay width. ;I'his:is' )
easy to understand, as the mass difference is propomonal to the oscillation frequency and the decay B
w1dth is the inverse of the lifetime. If the lifetime is very short, the system decays faster than it changes
" state, so x 'is close to zero. If the lifetim_e is much longer than the oscillation tune, many transmons
" occur before the meson deceys. The system is in a M? state for about half its lifetime, and x is close to
0.5. |

The strength of these oscillations is often described by the Pais and Tretman parameter f, which is

related to x by:
=x/(1—x)=(m/T)/[2+ (Am/T)] {15}
If there is a difference in the widths T, and T, the exact formula becomes:
t= [(Am/T)? + (AT / 2)?]/[2+(Am /T)* — (AT /)] {16}

AT is the difference of the decay widfhs.

These oscillations are well known in the K° —K° system, and a review of these physics can be
found in [2.6]. It is very interesting to know, whether these transitions occur with other neutral mesons
like the D° and the B [29]. Experimental searches for D° —D° oscillations have not shown any ob-
servable eﬂ'ect [30]. Qualitatively, this can be uhderstood as follows: The decay of a charm quark into a

strange quark is within one quark family and therefore K—M allowed (Vg = 1 — 1/2 A2). This re-
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sults in a lifetime which is short compared to the oscillation time, hence no observable oscillations oc-
cur. The same argument holds for oscillations in the T° system, as the top will decay into a beauty
quark Qery quickly. This is different for the B~ systerh. The beauty quark decays into a charm quark,
which belongs to a different family. Hence such a decay is ~Kobayashi— Maskawa suppressed (Vop =
A?). Therefore the B lifetime might be long enough to allow significant oscillations. In fact the B—life-
time has been measured to be 1.2 ps compared to the lifetime of the D° of 0.4 ps.

~ Of course the strength of such oécillations depends also on the mass difference Am. This Am can
‘be evaluated from the box diagrams (fig. 11). We have to distinguish between the two different B°
mesons: the .Bd" and the B;” . Before we discuss the exact formulae for Am, we can give a ro’ugh esti-
mate of the.rglgﬁve magnitude of Am for these two mesons: R

"Iv'he contribution of each diagram is proportional th the product of the Kobayashi f'Mz;s;kawa

couplings at the yertices. The different Kobayashi —Maskawa couplings of d— and s —quarks lead

thgrefcre to differences m Am for B°d and B"s . This 1§ demonstrated in table 4 .

system " via involved Vij’s - “Am
bd c (Veb Ved)? = [AAZAJ? « A
bd t (Vip Vid)? = [1 AN3(1—p —in)? o« A®
bs c  (Vep Veo)? = [AA2 (1-/2AHP : « A
bs’ t (Vib Vig)* = (1 A2 )2 N

Table 4: Kobayashi— Maskawa couplings for B and B,"

We realize that Am in the B4® system is about a factor A? = 0.05 less than in the B’ system'*. Hence
it is in the Bg® channel that significant oscillations may be expected, in the B3° channel the effect
should be smaller. These very simple arguments are confirmed by quantitative calculations [33].

If the box — diagrams for B® are evaluated the expression for Am becomes:

* A more detailed calculation gives Am(B°4)/Am(B%) < 0.21.

2
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= |(G¢*/6v%) B f? my, my,? F(mg,myA)| {171
Apart from well known factors like the Fermi coupling constant Gy, following terms appear:

o F( mc,m,)\ ): Thrs expresses the dependence on the charm mass, the top mass and the Koba—
| yashi— Maskawa rnatnx elements (represented by A). It turns out that the dragram with the
double top exchange is dominant over the charm (and in pnncrple the u) exchange as the

‘ heav1est _possible mtermedaate state is preferred. The reason for thrs is the GIM mechamsm,
which suppresses ﬂavour changmg neutral reactions if the involved quarks have srrmlar masses
[35]. Therefore Am depends strongly on the top mass, approxunately like mtop The heavxer
the top the stronger the B® — B° oscillations. A good approximation!® of this factor is (for

- BY%):

F = nge (Ve Veo)? mg2/my® + nyp (Vpt' Vst)® me?/myy?

+ 2mg (Vbc*vscvbt*vst) memy/myy® . {18}

Nec, Mt and nc; are QCD correction factors. 744, which appears in the dominant term, should
be in the range 0.78 — 0.85 for values of Agcp of 500 — 100 MeV [33]. For By only the
respective Kobayashi — Maskawa matrix elements have to be replaced in {18} . -

o fp: The pseudoscalar coupling constant, or B —decay constant, which was already introduced
in the previous chapter (see formulae {7} and {8}). fg tells the probability that the b—quark
and the d— or s—quark coincide spatially. Its numerical value is estimated to be 100—200
MeV. Of course fg need not be the same for B%4 and B, but they should be similar. Calcu-
lations using QCD sum rules suggest fgq = 110 MeV, st = 150 MeV [34]

e The bag parameter B: This factor comes from the normalization of the B —-.meson‘ waveﬁmc-
tion. The estimated value is close to one, w1th an error of a factor of two. Both factors, fg and

B, are related by following formula (analogous for B%3):

1% This formula agrees very well with the exact calculation for top masses below 40 GeV/c2. At 60 GeV/c:2 the devmuon is
about —10%. The m;* dependence approaches asymptotically my?/4 if the top mass increases. [36].
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4/3B fB52 mp = < BSO‘ (b Y#(I—YS) s}? ‘Esa > {19}

Many of the pa:aineter; introduced above have large uncertainties, and a precise predictidn of the
strength of Bs°—§s° oscillatioﬁs is ‘at the moment not possible. Theoretical estimates of x are in a
range of 0.10 to 0.48 for B, which means that substantial oscillations are expected. In the case of B%
an additional uncertainty arises from ‘the,K— M .matn'x elemeﬁt V4, which is determined less precise
than Vi, . Even for a fixed value of mtopbxd can vary within orders of magnitude'®. The expected x

values for ‘Bd° and B’ depending on the mass of the top quark are shown in figure 12 .

. o _ 0
Xd : : Bd ())(f? Bs
1 L =7 Vi = 0.002
E --- V, = 0.009
C - 0.4 |
ol -
g 0.3}
10
= 0.2+
1077 e
F e ’ 0.1}
o © L. e
0 E R f = 100 MeV
- S <= f, = 150 MeV
i ) L — f, = 200 MeV
-7 : L s
10 == % ) | ] 0. i 1 } ]
0 20 40 60 80 100 0 20 80 100

40 60
mitop) / GeV/c? m{top)/ GeV/c?
Figure 12: x—values for B and B oscillations versus the mass of the top quark. If not noted

otherwise, following values were used:
B=1fg=100MeV, Vi, = 0.04,ny = 085
(note the different scales) :

16 If there exist only the three known families of quarks and leptons, the limits on Vyq are: 0,002 —~ 0.017 [37].
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The experimental signature of such B®—B° oscillations would be a high rate of like— sign di-
muons. In normal bb production most of the dimuons will be unlike —sign, as the b decays into a p~
and thé B—iﬁto -a pn*. However, if for example tﬁe Ewoﬁld ha&oﬁze into a Bg® , which then oscillates,
a ﬁacﬁon of these B{® would become.a B, which decays into a p~ and gives a like —sign dimuq"ni

evv‘ent.vThe fraétion of ~1ike - 51gn events is; equal to X (analogﬁos for B®3):
N(B% + B u™)/N(B% = »¥) = x
The ;aﬁo ’o'f‘ hke — sxgn tp uglike —sign e:vents is givgn ‘by r
" N(Bg® = By + p7)/N(B = p*) ='r

For full mixing (x = 0.5 r = 1), and if only B’ mesons would be produced, there would be as .

many like as unlike — mgn dimuons. In reality things are not so simple:

e Only a fraction of the t—quarks hadronizes into BS° mesons, most of them give Bd" meédns,‘ '
which mix little, B mesons and B —baryons, which do not mix. The probability to pick up a
strange quark in order to form a B{® —meson (f;) is only 12 % to 20 % [38]

e Like—sign dimuons can also come from the second generation decay of one of the beauty
quarks. Although muons from second generation decays are heavily suppressed by cuts on the
muon py, this background has to be taken intb account.

o Dimuons from charm decays will only give unlike —sign events, and cannot fake B®—B° os-
cillations. However, a high fraction of dimuons coming from charm production will dilute the
effect of oscillations and it can be difficult to extract a significant signal. Also the contribution
from Drell — Yan production and T decays has to be considered. Here an isolation requirement

helps to femove such events.

All these effects have to be studied in order to predict a possible effect of B® —B° oscillations and
its significance. A variable which is sensitive to B® —B° oscillations and which can be measured easily

is:
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R = (N** + N--)/ (N*") (20}

N**N-~ énd N+~ are the numbers of like— and unlike — sign dimuons frdm heavy flavour decays.
Searches for B® — B oscillations have been made by several experiments: The CLEO collabora-
tion published an upper limit for xq of 0.19 at 90% confidence level [27]. Recently the vARGUS col-
laboration reported a positive signal for de oscillations. They‘cla.im a mixing parérneter x = 0.19
0.07 [69]. vAlthou’gh this value secems to be surprisingly large, it is still compatible with the Standard
Model. HoWever, it requires large values of Vig4: (Bggxfpg4?) and a large mass of the top~qwk (see
formula {17} and figure 12). ARGUS derives a vl‘ower-limit of 50 Ge»V/c2 for Mygn from their re:suli
(sée also reference [71)). Both experimenis, CLEO 'a-nd ARGUS, use B —mesons from the T(4s) reso-
nance, which does not decay into B°; . They are therefore not sensitive to B% oscillations. The -
MARK II aﬁd the JADE experiment use e*e™ éontinuum data above the B threshold. The tw§ ei-
periments quote upper limits on B? — B° oscillations‘[B'I] [32]. These ﬁxﬁts apply to a mixture of B"d

and B’ .
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3. EXPERIMENTAL SETUF

3.1 The pp Collider

At the Aachen Neutrino Conference in 1976, C. Rubbia, P. McIntyre and D. Cline proposed to
convert an existing proton synchrotron into a proton — antiproton collider [41]. Such a machine should
achieve sufficient energy to produce the W and Z° predicted by the Glashow —Salam—Weinberg. .

theory. In fixed target machines of beam energy E, the available centre of mass energy is:
S5~ JIME M being the target mass (1 GeVje®)  (21)

For a beam energy of 300 GeV the available centre of mass energy is only /s = 25 GeV, which 1s far
too low to create the W and Z°. In a colliding beam machine the centre of mass energy is twice the
beam energy. Thus about 600 GeV could be reached, enough to create the W and Z. The main prob-
lem of such a proton—antiproton collider was to construct an antiproton source capable to deliver
sufficient antiprotons. Otherwise the luminosity which determines tﬁe interaction rate!’” would be too
low. It was S. van der Meer’s invention of the stochastic cooling technique [42] which made such a
source possible. After successful tests the pp project was approved at CERN in 1978. In 1981 the first
pp collisions were recorded and in early 1982 the W= was discovered [43], followed by the discovery

of the Z° in 1983 [44] [45].

The CERN accelerator complex is shown in figure i3 . Proions are acceleraied in the Proton
Synchrotron (PS) to 26 GeV/c. From there they can either be injected into the Super Proton Syn-
chrotron (SPS), or they can be used for antiproton production, in which case they are directed onto a
copper target. This antiproton production is very inefficient, only 6 x 10% p are collected for 10** pro-
tons on the target. These antiprotons have a large momentum spread around the production maximum
of 3.5 GeV/c. Before they can be used in the collider, they have to be collected over a long time, and

their momentum spread has to be reduced (= cooled). This is achieved in a small storage ring, the

Antiproton Accumulator (AA). The idea of stochastic cooling is to measure the average position and

17 The interaction rate is luminosity times cross — section. The cross — section of the W - g » is 0.6 nb, with a luminosity of
10%° em~3s~?! the production rate is 150 W’s per month of continuous running
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momentum of the antiprotons in the beam, and to correct them later on. Doing this in each revolution
of the beam over a long time a large improvement of the beam quality is achieved. In 24 ﬁours of col-
lecting and cooling the AA develops a stack of about 10t antiprotons. They are then extracted and
sent back to the PS, where they are accelerated to 26 GeV/c. From there they are injected in the SPS -
now rotating in a direction opposite to that of the protons. Then protons and antipr§tons are acceler-
ated synchronously to the desired energy and kept there for several hours. In 1983 the beam energy
was 273 GeV, in 1984 and 1985 this was increased to 315 GeV. Typically there are three bunches, each
containing 10'? protons, colliding against three bunches with 10'° antiprotons each. The bunch cross-
ing time in this mode is 8 psec. The luminosity was 1.6 x VIO” cm‘zsb‘1 in 1983 and was improved up

to 5 x -102%2°cm~2s~! in 1984 and 85. Beam lifetimes of the order of 24 hours were achieved.

LSS5

Figure 13: The CERN accelerator complex.
The UAI detector is located in the "LSSS5” experimental area.
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3.2 The UAI Detector

For the pp project two major detectors were initially approved: UAL and UA2. UAl is a her-
metic detector, covering almost the full solid angle around the interaction region. It is able to identify
and measure leptons, like electrons and muons, and hadronic jets. A special feature of the UA1 detec-
tor is its ability to identify neutrinos by the missing energy technique.

The detector consists of several components, each specialized for a certain purpose. A view of Fhe

UAL detector and of its main components is shown in figures 14 and 15 .

Figwe 14: Artist's view of the UAI detector. It's two halves are separated so the innermost parts can be
seen. .

o The innermost part is the Central Detector (‘CD"), a large cylindrical drift chamber. It meas-
ures the tracks of charged particles. The CD operates in a magnetic dipole field of 0.7 T. The

momenta of charged particles can be determined from the curvature of their tracks.
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® Thc CD is surrounded by calorimeters. The electromagnetic ("EM”) part are the “gondolas” in
the central (barrel) region and the “bouchons” in the forward region. They are of the lead scin-
txllator sandwxch type and are designed to identify electromagnetic showers from electrons andA
gammas, and to measure their energy. Hadrons in general deposit only a small fraction of their
energy in the EM calorimeters. The remaining energy is then measured in the hadronic calon-
ineters, the C’s and I's, which which surround the gondolas and bouchons. The hadxon calo-
.rimeters are made out of iron and scintillator plates. The magnetic coil is placed befwecn ﬂie
gondolaé and the C’s. The iron of the C’s also serves as the return YOke for the magnetic ﬂuk.
In addition, there are forward and very forward calorimeters along the beam:pipé (Eofh of fhé
electromagnetic and of the hadronic type). Altogether the calorimeters cover the complete

. interaction regiqn d'own to an angle of 0.2 degree to the beam. This allows the transverse en-
ergy of a neutrino to be measured. A neutrino escapes the detector without depositing any en-
exigy in the calorimeters. Because of momentum conservation the energy distribution in the
calorimeters shows an imbalance. This can be used to detem;xine the neutrino’s transverse mo-
mentum.

e Almost the whole UA1 detector is covered with drift chambers for muon detection (“muon
chambers”). Muons are able to pass all the material of the calorimeters and additional iron,
which absorb essentially all the hadroxis. The muon tracks are then recorded in the muon
chambers. In addition to the muon chambers, there are plastic streamer tubes (Iarocci cham-
bers) placed between the calorimeters and the muon chambers. They deliver additional points
to the muon tracks measured in the muon chambers and can be used to improve the muon
identification . In the sidewalls there are three planes of Iarocci chambers imbedded in magne-
tized iron. They can be used for a second momentum measurement of the muon track inde-

pendent from the CD.

In the following chapters the detector components are described in more defail. Additional infor-

mation on the UAI1 detector can be found in [46].
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3.2.1 Central Detector

The UAI1 central detector is shdwn in figure 16 . It is a cylindrical array of drift chambers of 2.2
m diameter and of 6 m length. Tt is segmented into 8 modules, which are divided into drift volumes by
wire planes. The separatmn of these planes is 18 cm. There are two types of wire planes, arranged al-
temately One consists of a single layer of field wues, normally kept at — 27 kV. They generate the
§lectric field which causes the electrons to drift to the sense wires. The sense wires are in the other type
of wu‘e planf;: It has three layers of wires, the outér layers have, alternately, field shaping wxres (at — 3

kV) and sense wires. The inner layer has field shaping wires at — 2 kV.

anode plane (sense wires)
cathode plane

Figure 16: The UA! central drift chamber

The sense wires collect the electrons from their respective sides of the drift volume. Altogether there

are about 6000 sense wires and 17000 field wu'es
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The chambers arc filled with an argon —ethane mixture (60% ethane, 40% argon). The electrons,
which are produced by ionizing particles, drift along the homogeneous electric field towards the sense
wires. Because of the magnetic field the drift direction is rotated by 23 ° with respect to the direction of
the electric field. Close to the sense wires the field becomes larger and gas émpliﬁcation occurs. The
charge is collected and measured at bbth ends of the sense wires. From the drift time the position can
be measured with a precision of typically 290 pm. The coordinéte along the wire is measured by charge

- division with an accu;aéy of 1.7% of the w1re length (which corresponds to 1.7 to 3.7 cm). For this
purpose both the charge and the time information is recorded by the readout electronics. This readout
electronics has a capability to detect multiple hits, even if the_ pulses overlap. This improves the resolu-

tion for nearby tracks.
3.2.2 Calorimeters

The central electromagnetic calorimeters, the “gondolas”, cover an angular range of 25° to 155% in
6 corresponding to +1.5 in pseudorapidify: n = —Inftan(8/2)]. Theré are 48 gondolas, 24 to each side
of the CD. The gondolé.s are semi — circular with an inner radius of 130 cm. Thus they fit around the
CD. A pair of gondolas is shown in figure 17 . _
They are constructed from a sandwich of 1.2 mm lead sheets and 1.5 mm scintillator sheets. The
gondolas are organiied into four sémplings of 3.3, 6.6, 9.9 and 6.6 radiation lengths, which are read |
out individually. This gives a total of 29 radiation lengths (at normal incidence), which contaiﬁ practi-
cally all electromagnetic showers completely. The division into four samplings allows the measurement
of the shdwer profile in depth, which is different for electromagnetic showers and showers from inter-
acting hadrons. This helps to improve the identification of electrons and gammas. Each sampling is -
read out at both sides via wavelength shifter bars (BBQ) followed by light guides. The BBQ bars are
read out by one phototube at each end. Altogether four phototubes measure the light, one from each
corner of a gondola sampling separately. The relative differences of the light intensities measured by
- these four tubes are used to determine the position of the shower within the gondola. This is especially

important for-the azimuthal angle ¢, as one gondola covers 180° in azimuth. The resolution in ¢ is
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8 light guides
to PM's:

Figure 17: Gondola elements

measured to be 0.24/\/1-3_ (in radians, E in GeV). Although the longitudinal position:is given by the

22.5 cm width of one Gondola, it can be improved with a resolution of 6.3 cm/ﬁ (E in GeV). This
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5
ement; an average position is measured, which may not correspond to either particle. E.g., if a gondola
is hit at-both ends, the hit is reconstructed in the middle of the cell. The énergy resolution of the gon-
dolas is AE / E = 15% / ./E (B in.GeV).

The endcaps bf the electromagnetic calorimeters, the “bouchons”, cover the angular range from 5°
to 25° and from 155° to 185" in 6. This extends the pseudorapidity range to *3.- The bouchons are
circular with an inner radius of 30 cm and an outer radius of 180 cm. They are subdivided into 32
“petals” (fig. 18). Like the Gondolas they are constructed out of lead and scintillator sheets (4 mm lead-

and 6 mm scintillator) and divided into four independent samplings of 4,7,9 and 7 radiation lengths.
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Each sampling is read out by one phototube at the éuter edge of the petal. The attenuation length of
the scintillator was chosen such that the light intensity measured at the phototube is approximately
proportional to E; =.E sinf. The position of the shos./ver is measured Sy two orthogonal planes of
proportional tubes, which are placed bctwé.en the s_econd and third smnpﬁngs. Thus the shower centre
can be measured with a precision of +2 mm. Knowing the attenuation length of the scintillator and

the position of the shoWer, its energy cah be calculated. The transverse energy resolution of the bou-
chons is AE, / By = 12% / /E; (E; in GeV).

I

petal

Figure 18: Bouchon, including position detectors

The hadronic calorimeters surround the electromagnetic calorimeters. In the central region the
iron return yoke of the magnet is instrumented and serves as a hadronic calorimeter (the “C’s"). A
module of the C’s is shown in figure 19 . There are 16 modules in total, eight at each side of the beam. -

They are azimuthally segmented into 12 sections, each divided into two samplings in depth of 2.5
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interaction lengths. They consist of 5 cm iron plates with 1 cm scintillator plates inbetween. The light
is collected by two phototubes per sampling, again via BBQ wavelength shifters and light guides.-’l'he

energy resolution of the C’s was measured as: AE | E = 80% / JE (E in GeV).

—
Air-Gap
Electromagnetic
calorimeter
il
—_—
fran -Gap
g ) e8q-Bars
=l
~d

Figure 19: Central Hadronic Calorimeter (“C’s")

The endcap hadron calorimeters (the I’s), are similar to the C’s. They consist of 6 vertical mod-
ules at each end of the detector, which are vertically divided into 6 blocks. The 16 blocks which are -
| nearest to the beam are subdivided into 4 smaller blocks. Readout and performance of the Is is similar
to the C’s. |
In the forward direction there are additional calorimeters, both electromagnetic and hadronic.
With exception of the missing energy measurement they are not used for the standard muon analysis
(e.g. for jet reconstruction) and are not described here. However, their properties are mentioned in ta-

bleS.
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3.2.3 Muon Chambers

The outermost element of the UAL detector is a system of drft chambefs fof muon detection. B
There are more than nine interaction lengths of material (calorimeters and iron shielding) between t};e
muoh chambers and the interaction region. This ensures that muons are practically the only charged
particles able to reach this outer detector system.

" The chambers are 4 m x 6 m m size. A few chambers are smaller in order to fit into gaps be-
tween the large chambers or between the support structure below the detector. Each chamber consists
of two double layers of drift tubes. The two double layers are orthogonal, giving independent meas-
urements of both coordinates of a track. The drift tubes in each double layer are staggered to resolve
left — right ambiguities and to minimize dead space. With the exception of the bottom chambers’® the
muon chambers are arranged in modules: two‘ chambers are rﬁounted togéther, with a gap of 60 cm
between them. Because of this lever arm th_e‘dircctioh of a track can be measured with high precision.
A picture of such a module is shown m figure 20

Including the bottom chambers the muon detection system has 34 modules. These modules cover
about ’ZO % of the ¢ angle in the central region of the UAI1 detector (+ 1.0 in pseudorapidity). In the
férwaxd region (up to + 2.3 in pseudorapidity) the ¢ coverage rises to 90 %. The geometrical accep-
tance of the chambers is plotted in figure 21 . ‘

The cross — section of one drift tube is shown in figure 22 . The tubes are made-of aluminum; the
width of such a tube is 15 cm and the length is up to 6 m. These tubes-are filled with the same ar-"
gon —ethane mixture as the central detector. At both sides of a tube are cathode strips. The outer ones
| are operated at — 7. kV,kthe others at — 5 kV. These cathode strips set up a homogeneous drift field.
In the centre of the tube is the anode wire which is operated at + 2.8 kV. The anode wire is partially
shielded by the alummum support. Thus electrons on outer frajectories, which have a longer drift-time
and there_fore deteriorate the resolution, cannot reach the wire. The anode wires are connected to

charge sensitive preamplifiers. The signals of the preamplifiers are split; one branch is used for the pre- -

! In the bottom region the drift tubes of the four layers are parallel. The drift tubes are read out at both ends and the coordi-
nate along the wires is measured by the time difference between both ends. Because of lack of space one bottom module
~ consists only of one chamber.
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Figure 20: Muon Chambers
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Figure 21: Geometrical acceptance of the muon chambers. The single muon trigger usually used "FT" or
 "EA”, whereas the dimuon trigger used "EA” in 1984 and the full chamber area in 1985.
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Figure 22: Cross— section of a muon— chamber drift tube

cise measurement of the drift time,.the other branch is used by the first level muon trigéer.

The resolution of one tube is about 300 um, the best resolution being obtained close to the centre
of a tube. Ideally a muon track will have four hits in éach projectio;l. Because of dead space between
the tubes and inefficiencies only three hits pér projection are requifgd'by the track reconstruction pro-
gram. This results in an efficiency of 92% to reconstruct both projections of a track. The angular res-

olution which is obtained by the track fit is about 1 mrad.

3.2.4 Trigger Systems

At a typical luminosity of 10?® cm™2s~? the total pp interaction rate is very high: about 6 kHz.
Only a very small fraction of these events are “interesting”, most of them are soft collisions. This inter-
action rate is far too hxgh to be written on tape, as the tape writing speed is limited to ‘about 3 Hz.
Therefore a trigger system is needed, which quickly decides if an event is interesting and should bg
written on tape.

In order to introduce no dead time this decision has to be made before the next bunch crossing,

that is within 8 psec'®. For this purpose the UA1 detector has three trigger systems:

19 If the collider is operated in'3 bunch'mode, which was the case in all runs. A 6 bunch mode is possible and foreseen for the
future. Then the bunch crossing will be every 4 psec. '
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3.2.4.1 Pretrigger:

This tn'gger correists of a system of scintillator hodoscopes at both ends of the detector. A eharoly
’timed coincidence of hoooscopes from the proton and antiproton arms and the beam crossing is re-
quued for tnggermg |

Thls tngger fires vﬁth high efficiency for melastlc, non — diffractive pp collision, therefore the pre-
trigger rate is still too high (about 3.5 kHz at 10*° em ~25~1) and additional constraints have to be
used However it reduces background from beam — gas collisions and cosmic rays. Therefore a coinci-

dence with the pretrigger is required for all other triggers2®
3.2.4.2 Calorimeter Trigger:

This trigger uses calorimeter information. It is possible to trigger on the total transverse energy
above a certain threshold, on jets (i.e. clusters in rhe calorimeters), electrons (i.e. clusters in the gon-
dolas or bouchons), or on missing energy (i.e. leﬁ- right imbalance of the calorimeters).

‘In general, the calorimeter trigger is very important for this experiment. It delivers about 50% of
the triggers. However, it is not relevant for the dimuon analysis and we omit a more dete.iled descrio-

tion of this trigger processor [48].
3.2.4.3 Muon Trigger:

The first level muon trigger has to perform fast track recognition in the muon chambers [49] It
must trigger only on stiff tracks pointing to the interaction vertex. Tracks which are not pointing have
to be rejected. These are mainly cosmic ray muons and low p; muons (most of them are from pion or
kaon decays). The latter are bent by a large angle in the magnetic field and by multiple scattering.

As there is not enough time before the next beam crossing to perform a track fit usiog the drift
time information, a rather crude but fast pattern recognition is made, based only on the yes/no infor-

mation of hits in the drift tubes. To achieve this, 10 neighbouring drift tubes along an expected track

20 In addition to this standard pretrigger, there exist also pretrigger for special purposes, e.g. & diffractive pretrigger: this trig-
ger requires only one arm of the hodoscope to be fired in time with the beam crossing. These triggers were.not used for
this analysis.
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path are grouped together. One such group is dedicated to each drift tube of the plane closest to the
vertex, which is called the “reference tube” (fig. 23 ). The signals of these 10 tubes are routed to the '10
éddfesslines vo'f a 1 Kbit RAM memdry chip. "I’hus eaéh possible hit pattern in these 10 tubes addmssgs
a pa.rtlcu.la.r bit of the memory. Thxs ‘bit stores the yes/no decision whether .or not this pattern is com-
‘ patible with a track coming from the vertex. Thc standard requirement is a mmlmum of three hits per
prolectxon and a maximum dev1at10n from the straight lme to the vertex of 250 mrad The resoluuon
wh1ch can be obtamed by the fast tngger is about 100 mrad, determmed by the lcver arm of 60 cm be-

tween two chambers ofa module and half the width of a drift tube (= 7 cm).

~ 37 tubes
per layer

~25 tubes

. *> | - |TRACK LOGICS] ouT
r 1 me——
projgg:ion“‘ | 1°o'&"$t'f '

< 620mm . | ‘ s

i i :REF:RENCE TUBE :
Group of tubes '

connected to
1" track fogics” -

Figure 23: Muon Fast Trigger:
grouping of 10 tubes around a reference tube for both -
projections of a module
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. The allowed deviation takes into account:

e The uncertainty of the position of the interaction vertex, because of the finite bunch size.
o Bending of thé tracks by thc‘magnetic field.

. Mulﬁple scattering in the material of the calorimeters and the iron shielding.

Bending by the magnetic field and multiple scattering especially affect low p; muons. So the cut at 250
mrad results in an effective py cut. 'I"heb trigger is fully efficient for muons above 3 GeV/c p; . After

valid tracks have been found in either projection, the track position in the module plane can be reéon-
structed. Then- it is checked whether the hadron calorimeter blocks passed by this possible muon can-
didate have recorded af least fhe energy deposition of a minimum ionizing particle. This coincidence
makes use vof the timing properties of the calorimeter sﬁintillators. Their small time window (100 ns
compared to 1.5 ps of the muon chambers) rejects most of the cosmic ray muons, which are generally
not exactly in time with the interaction. It is also possible to veto certain regions within a module
cbmﬁletely.‘ In thc‘:‘ 1984 and 1985 runs this X — Y coincidence was @ade in up to four ‘paral]cl proces-

sors. They permifted the definition of different trigger regions for special purposes:

e The rate of the inclusive muon uigger is‘ very high and would saturate the data acquisition
*_system. In order to reduce the rate, a large part of the forward region was télken out of the
_ sensitive area. The remaining area is indicated as “FT” in figure 21 . If the luminosity of the
SPS was low, a larger region “EA” could be used.
~o The rate of the single muon trigger could be reduced by demanding a coincidence with a calo-
rimeter trigger (e.g. 1 and jet, p and electron ). For these combined triggers a larger area was
used ("EA”). Nevertheless it was not possible to use the complete area of the muon chambers.
. A special dimﬁon trigger démanded two muon triggers in different modules. Because of the
véry low dimuon rate (0.05 Hz at 5 x 10°° cm‘zs‘l),.alrnost the full area of the muon cha.m-‘

bers could be used.
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The muon trigger decision is made within 1.0 psec, to which 1.5 psec must be added corresponding to
the maximal drxﬁ time in the muon chambers. Since this is less than 4 psec in total, it induces no dead
time. The. trigger rate of all muon triggers, dominated by the rate of the inclusive trigger, was about 10
Hz, Wthh was still too h1gh to be written on tape For further reductxon a second level tngger was
necessary, using drift time and sometimes centra.l detector information. This second level triggering was

done in ‘168E emulators, which are part of the data acquisition system.
3.2.5 Data Acquisition

Once an event has been accepted by the trigger processors, the complete information of the de-
tector has to be read out and written on tape. This is done by the data acquisition system, which has

to perform the following tasks [50]:

' Drgmzmg of the analog data. |
0 All data words have to be collected, ordered and sent to the host computer In thxs step a la.rée
| rcductxon of the amount of data can bc obtained by suppressing zero measurements.
e After all information is available higher level trigger programs are run to reject “uninteresting”
events.
‘@ The data has to be written on tape. UAl uses two output streams: every event which passes
* the higher level trigger is written to “normal tape®, highly selected events (e.g. W, Z candidates)
are written also to “special tape” for immediate processing.
e The data acquisition also monitors the detector performance. This nelps to detect malfunc-

tions.

The UAl readout is based on CAMAC and CERN Romulus/Remus electromcs In 1985 a part
of the readout cham was replaced by a rmcroprocessor controlled VME system Tape wntmg was done
by a NORD computer. For online data reductron a series of 168E emulators were used. In these com-
puters more sophisticated algorithms achieve higher réjection factors than the crude but‘ fast first level

hardware processors. For the muon part three algorithms are important:




page 49

e “MUTUBE”: This proccssor repcats"the track reconstruction of the first level hardware trigger.
Thus dimuon events with one muon missing the hardware triggeri can be recovered.

° ”MUTIME":VThis processor reconstructs traéks in the muon chambers ﬁsing drift time infor-
“mation. The angular difference of the measured muon track to the direction to the vertex is
calculated. If the difference is larger than a cem;in allowed value, the muon candidate is reject-
ed. This way a reducﬁon» factor of 0.33 is achieved. The algorithm is fully efficient for mﬁons
wnh a py above 9 GeVic. The MUTIME algorithm was also used tovrecover dimuon events
with one muon missing the hardware trigger (’soﬁware dimuoﬁs’). Fpr'this purpose looser re-
quirements on the angular difference were used in order to be efficient for low p; muons. In
general the angular cut 1s made at 25— 150 mrad for single muons, and 50— 300 mrad for di-
muons, depending on amount of material, whicﬁ has to be traversed by the muon [52].

. “VENI": The VENI algc_)xithrh reconstructs tracks in the central detector, measures their mo-
mentum and matches them with tracks in the muon chambers. It allows to cut directly on the
measured pgofa mubn candidate. In order to ga.m speed thc; track reconstruction is performed
along a road in the CD, defined by the dircctioﬂ towards the track in the muon chamber. The

muon chamber track had to be reconstructed by MUTUBE.

The overall reduction rate in the 168E was adjusted to get the 10 Hz input rate down to the
maximum possible tape writing rate of 3 Hz. This reduction concerns almost only single muon candi-
dates. As the rate of dimuon triggers was low anyway, a less restrictive selection was applied to them.
Ail dimuon hardware triggers were written on tape, also single muon triggers, with one additional track

found by MUTIME. An overview of the various dimuon conditions is given in table 6 .
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Run

VENI

2p hardware MUTUBE MUTIME
1983 -~ all single u trigger written on tape — —
1984 all - external point software dimuon pt > 2GeV/c
‘ for VENI for single muons
1985 all | ' | software dimuon not used -

single muons

Table 6: 168E conditions for single muon and dimuon events.

(for normal tape selection)
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4. ANALYSIS OF THE DIMUON EVENTS
4.1 Event Processing

For each event the UA1 detector delivers about 100 Kbyte of raw data. The reconstruction soft-
ware has té convert this raw data (e.g. drift times in the CD and the muon chambers) into physical
quantities like four vectors of identified particles or jets. The reconstruction of a muon event can be

divided into fém steps:

" Reconstruction of tracks in the Central Detector.

Reconstruction of tracks in the muon chambers.

- Matching of CD tracks to tracks in the muon chambers.

Reconstruction of the rest of the event, e.g. jet finding, missing energy.

The reconstruction is a very complicated process done by sophisticated software. It is impossible to
describe it here in full detail, so only an overview is given, concentrating on features which are impor-

tant for the later analysis.
4.1.1 Reconstruction in the CD

A picture of an event in the CD is shown in figure 24 with all its digitizings. Tracks of the parti-

cles can aiready be identified by eye. The track recons

erence [51]. Here we give only a brief description: The track reconstruction program identifies tracks by
"chéining” nearby points. These chains are then uséd to build the tracks by joining. them together, if
they fit to a helix. After thé final tracks are fourid and fitted, a subset deﬁnéd by certain quality cuts are
used to fit the x—coordinate of the interaction vertef“. Tracks whiéh are well associated to the vertex

are then refitted using the vertex position as an additional point. The fit computes the momentum

vector of the track. The momentum resolution which can be obtained is

21 The y and z coordinates are determined by the beam position. Only the x coordinate (along the beam) is unknown because
of the bunch size and has to be determined for each event. The event to event variation is about + 30 cm.
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Aplp = 0.005p (pin GeVic) - (22}

for a track of one metre length in the bending plane (x—y plane). The resolutions gets worse, if the-
track is shorter, or if it has a small angle to the magnetic field (z—direction) The quality of the fit is
measured by its xz This measures not only the reliability of the fit in terms of errors on momentum
etc | but also tests the hypothes1s that the track corresponds to a smgle pamcle traversing the CD The
ﬂt tends to have a bad xz, if wrong points are used, which can come from another partlcle crossing at
a small angle, or if a particle decays in flight (e.g. K* -+ p*v) causing a kink and a cha:rge of the cur-
vature of the track at the decay point. This is irnportant. for rejecting some muon background. Instead

of x? we use the variable:
= /i - JON-1 - (23)
whcrc N is the number of points used in the fit. This variable has the advantage that, for large N, it
gives a normal dastnbutron centred at zero with unit variance. In reahty this is only apprommately true
(fig. 25). The dcwatrons are due to systcmatrc €ITOrS.
Another variable, called x2,, measures the goodness of the z—fit. This is thc coordinate parallel to

the magnetic field and is measured by charge division. The selection cut was made on x?, per degree of

freedom ("x*,/ndf").

_ T}re iden’riﬁcation of a muon starts with the track reconstruction in the muon chambers. A muon
will give rﬂaximally four hits per projecti.o’n;. which lie on a straight line. Therefore the track finding is
nruch simpler than in the CD.v Nevertheless there ca.rr be difficulties bccause of left —right ambiguities,
which sometimcs cannot Be resolvkedk This can happen, if therc are additional hits in the drift tubes
coming from delta rays reflections of the pulse at the end of the wire, or if there are two muon tracks

_close together. In this case several possible track candidates are fitted. Only tracks with at least three

points per projection are considered.
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4

Figure 24: Example of an event in the Central Detector. Projection of the digitizings in the CD onto the
bending plane (x—y plane, the UAI coordinate system is explained in the appendix). It shows all
-digitizings in the central modules of the CD, for tracks with p, > 1 GeVc the result of the track fit is

shown, too.

600 —
500 I~
400 -
300 B~

200 |-

Number of CD tracks

100 -

o

10

Figure 25: x distribution of muon tracks (Cosmic ray muons). The arrow indicates the cut which was
used to define the dimuon sample (see text for explanation).
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Then the CD tracks are extrapolated to the muon chambers. The extrapolation takes into account
the bending of the tracks in the magnetic field in the hadron calorimeters and in the magnetized side
walls. The average momentum loss of the muons by ionization is computed and the extrapolation is
stopped if the momentum falls below 100 MeV. The possible deviation from the calculated trajectory
by multiple scattering is calculated and included in the error of the extrapolation. Then the extrapolat-
ed tracks are matched to the tracks in the muoﬁ chambers. The goodness of the matching is estimated

by calculating the following x?:

xX*(x) = Ax? [ [o*(x)) + o*(flp] {24}
where
Axg is the difference between measured track and extrapolation,
a(x;) the error on Ax; (including multiple scattering),
o(fly) are the systematic errors, reflecting uncertainties of the alignment between muon cham-
bers and central detector,
i . - stands for the coordinates of the tracks'in the chamber plane, x; and x;, and the angles of
the track direction, A and ¢.
The four x%'s of position and anglc matching are then combined to give x?(position) and x*(angle)
The variable which is used for cuts is the average matching x%
x*(av.) = 1/2 [x*(position) + xZ(angle)] {25}

Typical matching x? distributions are shown in figure 26 .
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Figure 26: x* distributions for muon — CD matching (Cosmic ray muons ).
Average matching x*

4.1.3 Calorimeter Reconstruction

" In the dimuon analysis the calorimeters are used to obtain additional information on the charac-

teristics of the events as

-® Isolation of the muons
o Jet activity

e Presence of neutrinos

The definition of the isolation will be discussed later (see 6.1). Here follow some details on the recon-
struction of jets and neutrinos.

- First the energy deposited in all calorimeter cells has to be reconstructed correctly. This includes
the determmatlon of ¢ in the Gondolas and the reconstrucnon in the Bouchons using the position de-
tectors Corrections for the agemg of the scintillators and light gmdes have to be applied, and effects
from dead or nmsy phototubes have to be ehmmated etc. In muon events an additional correctmn has
to be applied: The muon itself deposits some energy in the calorimeters. At normal incidence a muon
looses on average 700 MeV in the Gondolas, and about 2 GeV in the hadronic calorimeters, albeit

with large (L.andau) fluctuations. As the energy deposited by the muon disturbs the analysis, it should
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be subtracted. It is a priori not known how much of the energy in a cell traversed by the muon is due
to the muon or to other particles. Therefore only the most probable value for the energy loss by ioni-
zation is subtracted from the cell (avoiding negative values). One has to face the fact that, because of

Landau fluctuations, this value can be wrong by a large factor for an individual event.
4.1.3.1 The UAI Jet Algorithm

A jet is a collimated bundle of particles from the fragmentation of a quark or a gluon. Such a jet
should therefore leaid to a local energy cluster in the calorimeters. An algorithm was developed which
searches for such clusters and reconstructs the i)roperties of the parton causing this jet. Random fluc-
tuations from the underlying event may fake jets and have to be suppresséd. The underlying event is
the interaction of the partons which do not participate in the hard process.

The UALI jet algorithm firstly associates an energy vector to each calorimeter cell:
B =By S | {26}

E; is the energy in the cell i, and 1—1’1 the unit vector from the vertex to the position of the energy re-
constructed in this cell. Energy vectors with a transverse energy above 1.5 GeV are called “initiators”.
The algorithm starts with the highest E; initiator and adds the energy vectors of all initiators in a cone

of AR < 1. AR is defined as:

AR = [(A¢% + AnD) o 2n

A¢ aqd An are the separations in azimuth and pseucl_o;a\pidity22 of the energy vectors. Then the algor-
ithm tries to built the next jet around the fﬁghest iﬁitiator :optside the cone. It continues until all mm-
ators have Been used upfb Finally lpw,Ei‘;éﬂs (a})ove 100 MeV) are ad(ied to the jets, if“they are in AR
< ‘1‘. This algorithm has been studied exte;nsively, espe;iaﬂy in order x'to .optimize important parameters

h'ke_ initiator threshold and AR reqtlirement.

22 The jets may have a large Lorenz boost along the beam direction. Therefore rapidity is used since differences in rapidity are
Lorenz invariant. The pseudorapidity defined as n = —In{tan(/2)] is a good approximation to the rapidity (and exact if
the particle is massless).
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However, studies of Monte Carlo generated jets showed that the jets defined by this algorithm are

not a true representation of the parton, but want corrections due to following effects:

¢ Different response of calorimeters to hadronic and electromagnetic showers.

Particles of the jet may escape the AR cone.

Particles which do not come from the jet but from the underlying event can fall into the cone.

o Some particles of a jet may escape through gaps in the apparatus.

On average the jet energy is underestimated. The jet correction factors, which are derived from Monte
Carlo studies, are typically 1.1 to 1.2, and vary as a function of E4, n and ¢. Although the jet algorithm
has been designed for high E; jets ( > 20 GeV), it can be shown that it still yiclds useful results at jet
energies of 5 GeV {53]. However, in this regime the efficiency of the algorithm is low and there is a
considerable background from faked jets by random clusters of the underlying event. In the dimuon
analysis ‘a threshold of 7 GeV on the uncorrected jet Ey was chosen. In order to calculate physical
quantities only corrected four vectors of these jets are used. Only jets' within a pseudorapidity range of
— 2.5 to 2.5 were considered in the analysis.

A similar algorithm is used to define “CD —jets”: Instead of calorimeter cells the tracks measured
in the CD are used. The algorithm itself and the relevant cuts are identical with those of the calorime-

ter jet algorithm.
4.1.3.2 Missing Transverse Energy

A neutrino (or any hypothetical non interacting particle) escapes the detector without interaction.
This leads to a momentum imbalance of the rest of the event. In the transverse plane this imbalance
can be measured, and the neutrino’s transverse momentuxﬁ can be determined. It is not possible to
measure the longitudinal momentum of the neutrino, because many particlesﬁ from the pp interaction
can escape unmeasured through the beam pipe. As these particles have very small py , they do not dis-
“turb the measurement of the transverse energy of the neutrino, but they do carry away a large amount

of longitudinal momentum. .
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In UAL1 the sum of the neutrino’s transverse momenta is measured by adding all energy vectors of
the calorimeters (e.g. {26}). The negative of the transverse component of this sum, called “missing
transverse energy” (’Etmiss’), corresponds then to the neutrino transverse momentum sum. In muon
events the momenta of the mubns have to be includéd in this sum.

The uncertainty of the Etmiss measurement is father 1argé, the error &oﬁx thev calo;imet.ry can be

parametrized by the followiné formula:
o(E,MisS) = 0.7 \/ZE; | {28}

ZE; is the scalar sum of the transverse energy of all calorimeter cells. In principle the error on the
muon py has to be included, as well as the uncertainty in subtracting the muon’s energy deposition,
‘but for low p; muons these contributions are negligible.

‘If more than one neutrino is in the event, Etr.niss measures the sum of the p; vectors of all neu-
trinos. This is the case in dimuon events from heavy flavour production. If both muons come from
‘decays of heavy quarks, at least two neutrinos are contained in the c;vent.' As we cut on the muon py,
we favour asymmetric decays, which give most of their p; to the muons and produce low py neutrinos.
In addition the neutrinos tend, like the muons, to be back —to —back, thereby tending to have their
transverse momenta cancelled. Therefore no significant missing E; is expected in dimuon events. Nev-

ertheless the missing E; spectrum is worth while looking at, since unconventional sources of dimuons

4.2 Evetit Seléction |

In the 1983, 1984 and 1985 runs UA1 collected about 11.2 million events (for an integrated Tumi-
nosity of 659 nb~!). Approximately half of them were triggered by muons. As the full reconstruction
of an-event is a rather time consuming operation (about 20 sec on an IBM 370/168 computer), it is
not possible to process the whole sample completely. Instead, the events were passed through a filter

program, which quickly selects muon events by reconstructing only a part of each event:

e The trigger hodoscopes are used to reject a large fraction of beam — gas and cosmic ray events.
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e - The tracks in the muon chambers were reconstructed and a track pointing to the vertex within
150 mrad was required.

e A “road” was defined in the CD between the vertex and the muon track. Then only this pa;rtA
of the CD was reconstructed. |

o The event was accepted if a CD track with p, > 3 GeV/c was found with very loose matching

requirements to the muon — track.

Thus events with at least one muon candidate were selected. From this sample different selections
were made such as inclusive muons, muons with jets, and dimuons. In these selections the events were

completely reconstructed. .

The dimuon selection demanded following criteria:
two muons with p; > 3 GeV/e

with the following technical cuts on the CD tracks:
Xs < 6
x2,/mdf < 9
more than 20 points
track lengths in the x —y plane (bending pl#ne) > 40 cm
good association to the vertex

average matching muon — CD: x*(av.) < 15

This yielded 1945 events.

This dimuon sample was then divided in :

® “high mass” sample: Dimuon mass m** > 6 GeV/c? : 834 events

o “low mass” sample: Dimuon mass m** < 6 GeV/c? : 1211 events

The mass cut of 6 GeV/c? for the high mass sample should reject events from cascade decays of one

beauty quark. Both samples were scanned by physicists on a high resolution interactive graphics facili-
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“ty. This scan should ensure that the correct decision had always been made by the reconstruction pro-

gram. Thus the sample was cleaned up by rejecting some sources of background:

Kihks

Cosmics

Leakage

Matching

Dbl. Int.

Kaon decays which bave a visible kink in the track. An exarnpie of such a track is shown

m ﬁgu.re 27 . Sometunes this kink is so dlstmct that the track reconstrucuon program

sphts the track into two, which is easily recogmzed by the scanner. These events are re-

jected as well.

Cosrmc ray muons can easxly be recogmzed and re]ected In 1985 this was very eﬂimently
done by software. Thxs explams the low number of scanned” cosmics in the 1985 sample,

as compared to 1984.

Events were rejected if either muon candidate pointed to a gap in the detector where a
particle easily can punch through. The scan decision was verified by software which cal-

culated the amount of material traversed by the particle.

In the case of matching ambiguities, that is if more than one CD track is an acceptable
muon candidate, we tried to resolve the ambiguity. Often the larocci chambers added

useful information. The event was rejected if the correct track failed the selection criteria.

Double interactions were rejected if the muons came from separated vertices.

This scan left 517 events. 5 events have a dimuon mass compatible with the Z° mass and are regarded

as Z° candidates. As the Z%s are the subject of a different analysis [72], they were removed from the

sample leaving 512 events.

The scan breakdown of the high mass sample is listed in table 7 . The number of validated events

from the 1983 run (50) is dlfferent from the pubhshed number (24) [2] This is because dxﬂ‘erent cuts

have been used in the paper (Pt > 3 GeV/c for each muon and (py; + pg2) > 10 GeV/c, no mass

cut). The low mass events have been treated by [74].
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Rua : 1983 | 1984 1985 total
Luminosity 108 nb~? 254 nb~! 297 nb™? 659 nb~?
Triggers 25M 22M , 6.5M 11.2M
Filter 72K 210 K 200K 482 K
Dimuon
—selection 122 747 1076 1945
M > 6 GeV/c? 69 295 370 734
Scan:
VA 2 2 1 5
Kink 4 14 28 - 46
Cosmic 4 79 : 4 87
Leakage 7 30 17 54
Matching 2 9 16 27
Dbl. Int. 3 . 3
validated 50 ‘ 161 - 301 512
Table 7: Event selection and scan for dimuons My, > 6 GeV/c?
10cm

j 300um
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Figure 27: Example of a track identified as “Kink” (Kaon decay). This figure shows the deviation from
the fitted track for each point measured in the CD (“residuals”). The curvature of the track is unfolded
' so that it appears as straight line. .
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5. DETERMINATION OF THE BACKGROUND

The 512 events which were selected as dimuons are certainly not a11 due to prompt muons from
the physics 4s_ources discussed in chapter 2. The sample is contaminated by some technical background
from misidentified hadrons a.nd'from muons from triVial physics sources. In this chapter possible

. background sources are discussed and an estimate of their respective contribution to the sample is giv-

en. Sources which have to be investigated are:

¢ Cosmic ray muons.

e Jeakage through gaps in the detector.

# Misidentification.

° Decays of kaons and pions.

e Punch through (ie. non— mteractmg hadrons).

© o ]eakage of hadronic showers.

In principle one would like to remove thc background entirely, e.g. by clever design of the detec-
tor, by identification of background events, by applying strict technical cuts or, if the kinematics of
background and signal are different, by physics cuts. In the case of cosmic ray muons it is in fact pos-
sible to identify (almost) each background event by software and by scanning. The same is true for
leakage through gaps of the detector. The remaining backgrouhd from these sources is therefore negli-
gible. For the other background sources complete rejection is not possible. This does not matter as
long as one is able to caiculate the background contribution, and to take it into account in the analy-
sis. If it turns out that the background level is too high for a meaningful analysis, it may still be po_ssi-
ble to reduce the background by stricter cuts. More restrictive cuts wﬂl also reduce the acceptance Itis
therefore a quesnon of optimizing signal to background Versus the total number of events. This of
course demands a detailed knowledge of the properties of signal and background.

It was already mentioned that after scanning the background from cosmic rays and leakage

through gaps is negligible. The remaining background sources will be treated in the following sections.




pagé 63

5.1 Misassociation

If two or more tracks in the CD are reasonable candidates to match to a single muon chamber

track, the software might select the wrong one. Such events are considered as background if:

e The correct track fails the selection criteria.

e The correct track has a different sign than the selected one.

In the latter case the event is still a good dimuon candidate, but as the determination of the sign plays
an important role in the dimuon analysis, such events are nevertheless considered as background. On
the other hand, if the alternative track has the same sign and fulfills the selection criteria, this event is
régarded as “good”. Such a misassodﬁtion would cause only a small mismeasurement of the muon
momentum, but all other evént propeftics are likely to stay the same. Most of the misassociated
muons were already recognized by scanning of the events (see table 7 ). These ew}ents were either re-‘
jected or .the assignment was corrected by hand. The latter happened to six events. There remained
events with unresolvable ambiguities. Another type of misassociation background can come from
muons of low py, which reach the muon chambers because of a downwards fluctuation of the muon’s
energy loss. The extrapolation software stops such tracks in the absorber, and the track in the muon
chambers might be matched to another CD —track nearby.

In order to study this misassociation background more systematically all events which have a sec-
ond track vfulﬁl]jng very loose matching requirements were selected for a dedicated scan. In this selec-
tion the ionization loss, dE/dx, used by the track extrapolation was scaled down by a factor of 0.9. In
this way the effect of low p; muons could be studied, too. 25 events remained after the scan with an
unresolvable ambiguity. Using the other track would change only the momentum in 5 events. Of the
remaining events, 10 of them are like —sign and 10 are unlike—sign, 8 unlike —sign and 6 like — sign
events would fail the selection criteria if the alternative track was correct. Two unlike —sign events
would become like —sign and four like —sign events unlike —sign. In the worst case these 10 like —sign

and 10 unlike — sign events are background. As it is very unlikely that the software always preferred the
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wrong track??, an estimate of 5 £ 5 in each sample (like and unlike — sign) is more realistic.

5.2 Pion and Kaon Decay

The most important background source is the decay of pions and kaons in flight. The probability
that a pion decays in flight in the central detector is 2.3% / p; and 11% / p; for a kaon (p; in GeV/c).
Assummg that 58% of the hadrons in an event are pions and 21 % kaons [56] one can calculate an
average decay probablhty of 4% / py per hadron In addition pions and kaons can decay in the 10 cm
air gap between the CD and the Gondolas and in the calonmeters before they interact.

The contribution from this background can be calculated using experimental data One starts with
an inclusive muon sample with one muon p; > 3 GeV/c The muon has to pass the same techmcal
selecnon cuts as applied in the dunuon sample. The probability for each additional track in the CD to
decay mto a muon which is detected in the muon chambers is calculated The same cuts are applied on
tlns sunulated dimuon as in the dimuon selecnon Addxng up these probab1ht1es one gets the expected |
background

In calculatmg the probablhty that a kaon or pion fakes a muon, the following effects have to be

considered:

o A kaon decay can cause a distinct kink in the track. This leads to a mismeasurement of the
track moxnentum. In this way a low p; kaon can fake a high p; muon. On the other hand this
kink results in a bad x4 of the track fit, and the event may fail the selection cuts. In addition .
there is a chance that the kink will be detécted by scanning.

e Muons from decays have lower momenta than their parents. Hence these decay muons tend to
have a larger deviation from the track extrapolation due to multiple scattering and bending in .
the magnetized iron compared to prompt muons of the parent’s momentum. The larger devia-
tion from the expected track path is reflected in a bad matching x? and these tracks are more

likely to fail the selection cuts. A mismeasurement of the track because of the decay kink en-

- 23 As it is always the track with the better matching x? which is chosen, on a statistical basis the correct tracks should be pre-
fered, so a guess of 50% probability for the correct choice is conservative.
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hances this effect. In an extreme case the decay muon has such a low momentum that it is

" stopped in the absorber and does not contribute to the background at all.

In order to’study these effects Monte Carlo generated pions and kaons were made to decay in the
CD. Then a simulation of the complete detector response including the fit of the distorted track was
performed. From this study probability densities P(pth,pt“) for the probability that a hadron of pth

fakes a muon of the (different) pi* were generated. This was done separately for pions and kaons. Ex-

amples of such probability functions are shown in figure 28 for fixed p h,
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Figure 28: Probability for a hadron to fake a muon of pj* .
a) for hadrons of p; = 2.5 GeV/c,
b) for hadrons of p; = 5.0 GeV/c
A cut of p; > 3 GeV/c was applied on the reconstructed muon track.
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These distributions were used to calculate the decay probabilities of the tracks found in the single
muon events. As a hadron can cause a complete spectrum of decay muons, each track was allowed to
decay several times and appropriate weights were applied. The background estimated by this method

has then to be corrected by several factors:

© The trigger efficiency is different for single muons and for dimuons. This correction factor was
calculated using a Monte Carlo method which takes into account the different trigger condi-
tions of the various runs.

¢ If the muon in the single muon.event is a decay muon itself, the contribution of this event has
to be weightéd by a factor of 1/2. If a is the average probability to fake a muon, a dipion (or
dikaon or mixed event) contributes to‘az dimuon background events, and to

a(l=a) + a(l—a) = 2a(l—a)
single muon events. Letting the second track decay, we get 2a?(1—a) background dimu_ons,v
which is just twice the real background if « is small. If the simulated decay muoﬁ hits an area
of the muon chambérs which was no‘t active in the single muon trigger the weight of 1/2 was
not applied. The reason is that the “reversed” event, with the decayed hadron being the “real”
muon and the “real” muon being the hadron vwould not have triggered, but delivers the Smne
contribution to the background. This factor must not be applied if the single muon is a
prompt muon. Using Isajet Monte Carlo calculations®* the fraction of prompt muons in the
single muon sample, which was used for the background calculation, was estimated to be 20 *
5 %. The weights of theb simulated decays were éccordingly corre&ed. Averaged over all single
‘, muon c&énts these correctioﬁs reduce the es’;imaté by 0.575 . o
. VA sample of these single muon events and of tﬁé simulated decays were scanned in order to

estimate the scan rejection:

%% We assumed that prompt single muons mainly come from heavy flavour decays. Thus single muon events with py > 3
GeV/c were generated with Isajet, and the calculated muon inclusive cross— section was compared with the actually meas-
ured one. The Isajet bb cross—section itself was fixed to the value measuréd with the dimuons (see chapter 8). As this
measurement itself depends on the background subtraction some iterations were necessary.
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Reduction factor:

single muons: ' 0.80
Monte Caﬂo pion decays: 0.90
Monte Carlo kaon decays: 0.72

Kaon decays tend to have a more distinct kink in the track than pion decays, therefore kaon
decays are more easily rejected by scanning. The average of the reduction factors from the

Monte Carlo tracks is consistent with the reduction obtained with the single muon sample.

Altogether the calculation results in an estimate of 116 events from pion or kaon decays. 58
background events are —like sign, 58 unlike —sign. This reflects fhat there is no long range correlation
between two dccﬁying hadrons. This method of calculating the backgroﬁnd not only yields an ab§olute
number, but as the dcc.ays are simulated in real events, the background events can be analyzed in ex-
aqtly the same way as the data. Therefore all kinematical distributions of the dimuon system and of the
rest of the event (jets; neutrino, etc.) can be calculated as well. |

Unfortunately this es&nate suffers from some systematic errors due to uncertainties of the basic
assumptions. Thé estimate is based‘ on about 4000 single muon events. Therefore the statistical error
from the limited number of single muon events can be neglected. The major uncertainty arises from
the incomplete knowledge of the pion and kaon content in tﬁe events. The values used were obtained
with the aid of measurements of the K/« ratio from UA2 and UAS [55]. Unforiunately the measure-
ments for pions and kaons were made at low p; ( < 2 GeV/c) and have to be extrapolated to the pg
range of 3 GeV/c. For that we used inclusive pion and hadron spectra from UA2 and UA1 [55]. The
py spectra of pions and hadrons were parametrized. The; w/h and p/= ratios resulting from these par-
ametrizations are shown in ﬁgure 30 . We assumed that K/x is constant as a function of my = \/(an
-:_pT-z), vs;here’ m is the particle mass (fig. 29 ) . Hence one finds at p; = 3 GeV/c as best values 21%
kaons and 58% pions. The errors of this extrapolation are rather large, £+ 17% for K/= and * 50% for
p/w, corresponding to the extreme values of 29% kaons and 61% pibns or 17% kaons and 55% pions.

These errors transform into a + 17% error of the background estimate. Including other systematic er-
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rors like uncertainties in the trigger efficiency, and in the detector simulation, yiclds a total error of

25% [56].
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Flgure 30: Extrapolation of the 'n'/h (a) and the p/vr (b) ratios. The two curves are from different |
parametrizations of the p; spectra and reflect the uncertainty
of this extrapolation.

A good cross check of this estimate can be made by calculating the background for the inclusive

muon sample by a similar method (see appendix D). The outcome of this calculation is:
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e At low transverse momentum the p; distribution of the inclusi.ve muons is consistent with
background alone, suggesting that the single muons at low p; are indeed dominated by back- ”
ground (see appendix). .

© As the estimate slightly exceeds the number of measured events at low p; one possibly tends to

overestimate the background.

5.3 Punchthrough

Punchthrough means that a hadron traverses all the material to the. muon cha.fnbers without
interaction (except for ionization loss). By definition, such a particle is indistinguishable from a muon.
- As there. are more than nine hadronic interaction lengths of cﬂoﬁmeter and iron gbsorber in front of
the muon chambers (at normal incidénce) the probability for such a pfocess is very low, namely e~®
< 10~* per incident hadron. This is further reduced by elastic and quasi—elastic scattering.
The total contribution can be calculated. in the same way as t}.m decay background. One has to
replace the decay probability of a hadron by ité probabﬂity to punch throﬁgh. For this calculation dif-
ferent values were used for the interaction lengths of pions, kaons and protons [47]. Again it was as-

sumed that 58% of the tracks are pions, 21% kaons and the remainder protons®®. The calculation re-

sulted in a background from punchthrough of 1.5 events.

5.4 Leakage

Hadronic showers which are not completely contained in the calorimeters can produce tracks in
the muon chambers, which may then be matched with the incident hadron track in the CD. The same
is true for muons which are produced as decay products of secondary particles in the shower.

As the nine interaction lengths of absorber normally contain a hadronic shower completely, this
background is already small. It is further reduced, once the matching criteria are applied. From test

beam measurements the probability of faking a muon by shower leakage was measured to be less than

25 For the punchthrough background the exact numbers are irrelevant.
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-1-0‘4 per incident hadron [54]. This contribution is even smaller than the already small coniribuiion

from punchthrough and can be neglected.

5.5 Alternative Estimate of the Background

Although the background calculation described above uses real events, the whole method is based
on Monte Carlo calculations of decay probabilities. These calculations depend strongly on how well
the response of the detector is simulated. Therefore one would like to confirm this calculation by a
more direct measurement of the decay background.

A parameter which is sensitive to- background muons is the x? of the matching of a muon cham-
ber track to the extrapolation of the CD —track. A decay muon tends to have a lower momentum than

“is measured in the CD. Consequently the CD track is wrongly extrapolated to the muon chambers,
and the error of this extrapolation is underestimated. Both lead to a worse matching x2 than for real
muons. This effect can clearly be seen comparing matching distribut.ions of J/y candidates, which are
essentially background free, with low p; single muon data, which are dominated by background (fig.s
31 and' 32). The single muon events have a significantly smaller fraction of events with small x* (<
0.5)-and a larger fraction of events with a very bad x? (> 5). The respective x? distributions of the di-
muon data [fig. 31 and 32 c] are between the two extremes. One can now try to determine the back-
ground in the dimuon daia by fiiiing a linear superposiiion
good muons) and from single muon events (i.e. background muons) to the data. Before doing this one
has to verify that all samples are indeed comparable, and not systematically biased by the seléction
procedure.
® The J/y candidates were selected from the “low mass” sample with py > -3 GeV/c for each
muon. Unlike —sign dimuons with a dimuon mass between 2.5 and 3.5 GeV/c? were used for
this purpose (fig. 33 ). As these events were selected the same way as the “high mass” events,

no selection bias is expected.
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e The single muon events came from special runs without second level trigger (= 168E) rejec-
tion. This was necessary, since the standard 168E selection criteria are more restrictive for sin-
gle muons than for dimuons and tend to clean up the sample. Single muons were selected if

‘they had p; > 3 GeV/c and satisfied the same technical cuts as applied to the dimuons. This
sample was scanned in order to remove recognizable Abackgrou-nd. This left 242 out of 267

events.

24}
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Fzgure 33: Dzmuon mass distribution of the M < 6 GeV/c? sample ( unlzke sign events). The cuts used
to define the JIy candidates for the reference sample of good muons are indicated.

In all samples the matching x* was recalculated using cosmic ray corrections. The alignment of
the muon chambers with the CD was measured with a high statistics sample of cosmic ray muons.
From these.data corrections to the position of muon tracks in the muon chambers and improved error
floors were deduced. These corrections (few cm) are small compared to the deviations due to multiple
scattermg for low p; muons. Therefore they are not necessary for the selection of the dimuon sample, '
but they should be apphed for the fit. As these corrections were only available for 1984 and 1985 data,
the 1983 events were not used in the fit. After rebinning in order to obtain reasonable statistics in each

bin ( > 16 events), a least squares fit was performed. The distributions from the like and unlike — sign
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events were 'ﬁttéd separately, constraining the background to 't.>e equally like and unlike —sign. This
constraint is justified as there is no charge correlation in background events, provided both (decay)
muons are not closely‘ together. The fit results in a 244 + 50 background muons in a sample of 886
muons. The x? per degree of freedom of the fit isvl.2. The resulting matching x? distributions of the fit

are shown in figure 31 d) and 32 d). The result has to be corrected because:

o The single muons contain a fraction of prompt muons which is estimated to be 20 £ 5 % (see
5.2). This leads to an overestimate of the background. We verified that the result of the fit de-
pends linearly on the fraction of good muons in the background sample. Hence the result has
to be reduced by 0.8. .

e A possible contribution of background to the J/y sample leads to an underestimate of the
background. The decay background under the J/y peak can be estimated extrapolating the
sidebands in the MMM distribution. This gives a continuum of 10 events, 30 % of them might
be decay background. A similar estimate can be made using the like —sign events under the
J/y peak (6 events, about half of then; might be background). In both cases a background of 3
+ 3 % is found, which adds 2 % to the total background.

e As inclusiye distributions are used (both muons of dimuon events enter independently), the fit

vresults in a number of background muons. This has to be converted into a number of back-
ground events. If all background events Qould consist out of two faked muons,‘ this conversion
factor would be just 0.5. However, as explained vin section 5.2, there exists a small fraction of

background events with one prompt and one decay muon. Taking this into account the con-

version factor is 0.575 instead of 0.5 .

Applying all these correction factors the background to the dimuons is measured to be 27 £ 7 %
or 138 + 36 events . This includes now the 1983 events. For that the estimate, which was obtained for
1984 and 1985 alone, was scaled by the ratio of the respective event numbers. This estimates the total

background from all sources: decays, leakage and misassociation.
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- The error is dominated by the statistical error from the finite number of muons in the dafta (886

- muons), thé J/y sample (220 fnuons) and the singlevmubn sample (242 muons). As this estimate is

based on real data only, most of the systematic> errors should canc'él. The remaining systematic uncer-

tainty?® is in the order of 2 %. The advantage of this estimate is that it does not depend on the pion
and kaon content, neither on the precision with which the detector can be simulated.

The background calculaﬁo;l ﬁ'om the previous sections predicts a total background of 25 + 6 %

or 127 + 32 events, which is in excellent agreement with the result of the fit. As both methods for es-

timating the background are independent, they can be combined reducing the error. Thus we find a

‘background contribution to the totéﬂ dimuon samiple of:
26 + 5% or 132 + 21 events
Both methods can be used to estimate the background in subsamples of the selected events, or in

different samples such as the low mass dimuons. In all these samples both methods é.gree very well

confirming the validity of our background calculations (see table 8).

© 26 Mainly due to a possible disturbance of the track measurement due to nearby tracks. This effects the data more than the Jj¢,
as these events are better isolated.
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sample used # of events background background
(84 and 85) calculation fit

M>6 GeV/c?

non-—isolated 362 101 + 25 112 £ 25
M>6 GeV/c?, unlike ~sign . _ » ,

non —isolated 233 51+ 12 55+ 17
M>6 GeV/cz,like—sigll .
-non—isolated ' 129 51+ 12 61 13
M>6 ,

isolated 81 13+£3 14 + 8
M < 6 GeV/c?, unlike — sign 295 33+8%) 49 + 17
M <6 GeV/c?, like —sign 40 16+ 47 21 £ 10

*) only decay background

The isolation definition is explained in chapter 6.

Table 8: Comparison of background estimates.
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- 6. EVENT CLASSIFICATION
1n the previous chapters the two main classification pafameters hé.ve already been discussed:

1. The sign of the muon pair. All events from the Drell - Yan process, T decays and first genera-
tion decays of heavy quarks have muons with opposite electric charge. Muon pairs with equal
sign muons are expected from second generation -decays of b-quarks. Possibly they could.

come from B? — B? oscillations, and from more exotic sources such as W* — tb .

2. The isolation of the muons. This can be used to distinguish events heavy flavour decays from
the Drell — Yan process and from T decays. The former are expected to have hadronic energy
from the quark fragmentation and the decay debris around them, whereas the latter should

generally not be accompanied by any hadrons.

Criterion 1) is experimentally straightforward, once it is ensured ﬁat the sign of the muons is
correctly measured. Actually, this is only a problem for very high momentum tracks. Theb muons of
the dimuon sample are at rather low momentum and the sign of the tracks is well measured (more
than 3 o in the worst case). Some uncertainty can arise from misassociation, as alrgédy diséussed in
_.v"chapter 51. |

For the isolation a well adapted criterion has to be developed. Naively one would expect that
muons from heavy flavour decays‘are in, or at least close to, j‘ets. However, the enérgy of these jets is
often so low that they will not be reconstructed by the UAL jet algorithm. Therefore it is necessary to
have a criterion 'ﬁhi'ch is more efficient and does not depend on complicated algorithms. The simplest
pfocedute is to add hp all the fransverse energy deposited in the calorimeter cells in a cone around the
‘muon track. The problem one has to overcome is, that even a genuine isolated muon may have some
hadronic energy around it, coming from the “underlying event”. The underlying event is caused by the
ﬁiteracﬁons of the partons not c'ontributiﬁg to the hard process. It creates hadronic noise, about 3.6
GeV per uhit of rapidity (in ¢ = 0 — 360°) [57], with large fluctuations. Therefore the cone size has

1o be chosen small enough not to pick up too much of this underlying event. When cutting on the
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energy inside the cone one has to consider this contribution. On the other hand, the cone has to be

large enough to collect a good fraction of the hadronic debris of heavy flavour decays. Also limitations

from the finite granularity of the calorimeters have to be taken into account. We chose a cone size of

0.7 units in AR, with AR = . /(A¢7 + Ay?), Aé is the difference in the azimuth angle and Ap the dif-

ference in pseudorapidity. The scatter plot with the sum of the transverse energy in this cone ("ZE;")

around each muon is shown in figure 34 , separately for unlike —sign (a) and like — sign (b) events.
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Figure 34: 2E, of the faster muon versus ZE; of the slower muon.
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As expected the unlike—sign events show a cluster at low ZE; for both muons, whereas this re-

gion is sparsely populated in the plot of the like —sign events. This becomes more evident if the vari-

able S is plotted: -

S = [ZEy(1))® + [ZE{)F

{29}

27 The choice of using the squared radius has the advantage that the distribution of S would be flat for uniform density in the

two dimensional plot.
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S is the radius squared?” of each entry in the scatter plot, figure 34 . Whilst the distributions for like —

sign and unlike —sign events are similar at § > 9 (GeV)?, the unlike —sign events show a clear exces

of eventsat § < 9 (GeV)?. (fig. 35).
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Figure 35: Distribution of the isolation variable S.
a) unlike— sign events, b) like— sign events
8 = [ZE(1)1 + [ZE(2))
The dotted regions indicates the isolated events with S < 9 ( GeV)>.

This excess of the unlike — sign events can be interpreted as the contribution from Drell — Yan and

Upsilon, which is of course absent in the like —sign events. Consequently we define an event as isolat- '
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ed if S is less than 9 (GeV)? . The efficiency of this cut for genuine isolated events was estimated using
muons from W% - p» decays, which should be isolated. Muons from two randomly chosen events
were mixed and the S value was plotted (figure 36 ). 82 + 7 % of these mixed events satisfy the isola-

tion criterion. This agrees with the value of 85 + 3 % calculated using Isajet Drell — Yan events and

full detector simulation.
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Figure 36: Isolation of mixed W‘—> B v events.
unlike — sign like — sign
isolated 99 17
non —isolated 256 140
Table 9: | Classification in terms of isolation and sign of the muons

The events can now be divided into four classes according to the sign of the muons and the isola-

tion (see table 9, and for the background table 10 ). The isolated unlike —sign events are the Drell -
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calculation fit combined
isolated 154 16 + 8 ' 1524
non —isolated 11228 122 + 31 117 + 21

(half of the background events are like— sign, half are zmlike‘- sign)

‘Table 10: Classification of the background according to isolation

Yan and Upsilon candidates; the rron—isolated events are referred as heavy ﬂavorlr candidates. As al-
ready mentioned the separation is not 100%, since a srrlall fraction of evénts from Drell~ Yan and
Upsrlon contammates the sample of non — isolated unhke s1gn events. On the other hand, the exis- -
tence of a few isolated like —sign events shows that some events from heavy ﬂavour decays can pass
the isolation cut. Therefore a small fraction of the events in the isolated unlrke — sign sample may come
vfrom ‘heavy ﬂavdur decays. This reﬂects the hard fragmentation of the b—quark. Sometimes most of
the b;s energy is shared by the muons.and the .invisible neutrinos. Then the hadrons around the muons -
are so soft that the event is indistinguishable from a genuine 'isola_ted_ event. This is especially true for |
unlike —sign events with both mubns coming from first generation decays. Second generation decays
which lead to like— srgn events should be less 1solated

Nevertheless the isolation cut creates two almost separated samples either with Drell — Yan and T
events or wrth events from heavy flavour decays. |

Once the isolation criterion has been developed, it is a nice exercise to plot the dimuon mass dis- -
tributién for all isolated unlike — sign dimuons. This shiculd reveal all the vector particles which can
decay into muoh pairs. The mass cut of 6 GeV/c? is removed and the Z° candidates are addsd to the
sample?8. Fof the 16w mass events the isolation cut has to be modified. If the two muons afe so close

- together that the respective cones ovetlap; a 3 GeV cut on the transverse enefgy in a sitigle cone (also

AR = 0.7) around the common difnuon axis is applied instead. Altogether this results in 255 events.

Because of the large mass range from 1 to 200 GeV/c?, a logarithmic mass scale is used. This also

28 These Z° candidates have looser selection requirements than the rest of the dimuons.
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matches the deterioration of the mass rgsolu'tion at large masses. The plot (fig. 37 ) clearly shows three
peaks: the J/y, the T and the_ _Z_°, all well above a cont_inuum, w}ﬁch should mainly be due to the

“Drell - Yan process.
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Fzgure 37: Dimuon mass distribution for unlxke sign, tsolated events, py > 3 GeVc for both muors.
(Background not subtracted, not corrected for acceptance)

In the following chapters we will restrict ourselves again to the intermediate mass events between
6 GeV/c? and 50 GéV/c?. Events with a higher dimuon mass are regarded as Z° candidates and are
subject to a separate analysis [72]. A short overview on the low mass events will be given in chapter

12;°a complete discussion can be found in [74].
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7. DRELL — YAN PROCESS AND UPSILON DECAYS

The 99 isolated, unlike—sign events with mP# between 6 GeV/c? and 50 GeV/c? should be~ .
mainly caused by the Drell— Yan process and by Upsilon decays. In addition, there should be some
contamination from heavy flavour decays. Another possible source for isolated unlike —sign events
might be the decay Z° - =+ 7~ with both 7’s decaying into muons. The rate of this process is esti-
mated to 0.2 events and can be neglected. The backgrouhd from pion and kaoo decays was calculated.
by applying the isolation cut to simulated background events resulting in75% 1.5 background events.
This was confirmed by the background fit giving 9 + 4 events. We use the weighted mean of 8.0 £ 1.5
events. | |

In order to. separate the contributions from Drell—Yan, Upsilon decays and heavy flavour, we
" made use of differences in the dimuon mass distributions. The Upsilon will of course .appear as peak
around 10 GeV/cz. The theoretical dimuon mass distﬁbution for Dreﬂ—Yan events is aopfoiiinaiely
proportxonal to 1/m? (see {1}) Because of physws cuts and the acceptance of the apparatus this distri-
butmn is distorted. We studied this effect with the Isajet Monte Carlo Drell — Yan events were gener- -
ated according to the theoretical distributions. The detector response was simulated, aod the events
\cere:analysed iike real data. The same was done with sixﬁuléted events ﬁom heavy quack production.
'I’he:di;noon' mass diStributiohs obtained b); these simulations are shown in figure 38 . |

" HiCdﬁlba.red fo events from the Drell— Yan process, events from heavy ﬂavou.f decays ate more
concentrated at low dunuon masses. This effect becomes even stronger once the 1solatxon cut is ap-
plied. Thls can be understood as follows In events with a high dimuon mass the quarks have to be
produced at high Qz As on average a certain fraction of the qua:k momentum ends in hadronic frag-
mentatton products; these muoris are accompamed by more hadronic energy Hence, dimuons from
heavy flavour decays with high invariant difhuon ﬁis are more strongly supp're'SSed b‘y th'e‘ isolation
ct. |

The contfibutions from fhe different processes can be obtained by fitting the shape of their re~

spective mass distribution to the data:
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Figure 38: Dimuon mass distributions from Isajet. a) Drell—Yan Events (dashed— dotted line) b)
Heavy flavour decays (solid line) c) Heavy flavour events, with isolation cut applied (dashed line)

® For Drell—Yan and isolated heavy flavour events the para;netrizcd distributions from Isajet
were used. | | |
® The distriﬁution for background from pion and kaon decays was ;calculated from single muon
data with a second simulated decay mﬁon. The distribution was parametrized and the ’contri-
bution was fixed to 8 events. A gapssian error of + 1.5 events on tﬁe background was incor-
porated in the fit. |
¢ For the Upsilon we used a superposition éf three gaussian distributions axound m(T), m(1")
a.nd m(T") with 0.5 GeV widths,.reﬂecting the knqwn experimental resolution in this mass re-
gién'."The ratios of N(T) : N(T’) N( ) .Were'ﬁxed at 1:0.30:0.15 :[58]7 The result of the Jﬁt
' isr no‘t>ve:ry s;théitive to the choice of ';hése values. ‘ I
A maximum likelihood method on an event by event basis was used to obtain the best fit. The result
is shown in figure 39 .
The fit results in 40 + 7 events from Upsilon decays, 29 + 9 events from the Drell — Yan process

and 22 *+ 9 events from heavy flavour decays. The tail at high masses is consistent with the expecta-
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~ Figure 39: Mass spectrum of the isolated unlike— sign events. The fi tted contrzbutxon Jrom the
Drell— Yan, Upsilon, Heavy flavour and background ( ‘fixed to 8 events) are shown too.

tions: AIsajet estimates 0.8 + 0.5 Drell— Yan events with a dimuon mass above 30 GeV/c? while we
observe 3 events. Nevertheless there would be room for Z - 7¥r~ decays. On the other hand, a di-
muon event from Z° - 7~ could have substantial miss'mg transverse energy. None of the isolated

dxmuons with m““ > 30 Gt:V/c2 has Etxmss in excess of lo (as defined in {28})

Knowing the -acceptance of our cuts and the eﬂimency of the apparatus from Isajet sxmulatlons,

we can calculate a cross — section for the Drell - Yan process:
o(DY, mkt > 11 GeV/c?) = 0.26 + 0084 + 0.05g,5mb

for dimuon masses above 11 GeV/c?
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(the systematic error includes errors of acceptance calculations, background subtraction and luminosity
measurements) N |

A theoretical calculation of the Drell - Yan cross—section at collider energies was made by Al-
tarelli et al. [59]. It predicts a cross—section for masses above 11 GeV of 0.27 nb, which is in very
good agreement with the measured value. If we use the theoretical rai)idity distribution of the Drell—

Yan pair from Altarelli [59] (i.e. 8¢/3y(y=0) = 0.2 o), we obtain a differential cross —section of:

 d% ] amay (y=0, mkt = 10 GeV/cz) = 15+ 54,4 3 s Pb/GeV/c?

Our result is compared with earlier data from low energy pp colliéions (figure 40), and good
agreement is observed. The plot demonstrates that simple scaling predictions from pp experiments still
hold at the very small v (= m?/s) of the collider. This is particularly interesﬁng, as it shows that at
small = the contribution fror'n,the Annihilation of sc;a quarks (whiéh is the 6xﬂy possible channel at pp)
dominates over valence quark annihilation (which can occur in pp). -

As the generation of Upsilons was not ixﬂplemcnted in Isajet, one could not perform accurate ac-
ceptance ca.lculatipns for this process. We used the aceeptance for Drell—Yan events at 10 GeV/c? in-
stead. This need not be the same, as the acceptance depends on the rapidity and p, distribution of the
events. Drell — Yan events are produced by quark antiquark anmhﬂatxon, whereas Upsﬂons should be
made by a kmd of gluon fus1on process. In principle, this can cause different kinematic properties.
H’owever, such differences should not be too large. As the acceptance does not depend strongly on py
and rapidity in the Upsilon region, it is believed that the arising error is small. Under this assumption‘

the cross — section times branching ratio of the Upsilon states is:
(BR) x o(pp - T,1,1") = 1.0 0.254.¢ 0.25ys nb

The differential cross section d¢/dy compares well with data at lower energies (fig. 41). Again we used
the assumption d0/3y (y=0) = 0.2 o [59]. Our measurement is also in good agreement with a gluon

fusion model [61], and shows that there is approximate scaling down to ./ of 0.016 .
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Figure 40: UAI cross— section for Drell— Yan cbmpared with data at lower energies [60].

It might be interesting to look at the je;t acﬁvity in Drell—Yaﬁ events in order ;to exﬁa& ”some
information on higher order QCD contnbutxons To get rid of the Upsilons and most of the events
‘ »ﬁ'om heavy flavour decays we used only events with a dnnuon mass larger then 11 GeV/c (23 events)
The ﬁ'acuon of events with jets of Et > 7 GeV/c and |n| < 2is gwen in table 11 for the data and the
Isajet Monte Caxlo The jet activity in the events is higher then predicted by Isa]et but the stanstxcal
significance is poor. As the cut on the E; of the jet is rather low, the Isajet prediction depends strongly
on the correct simulation of the underlying event. A cut on higher E; might help, but with the present

statistics it is not possible.
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Figure 41: UAI cross— section for Upsilon compared with data at lower energies [58] and a theoretical
calculation from ref. [61]. '

data - Isajet
one jet A% 9 % 11t 4%
two and more jets 9+ 6 % 2% 2%

 Multiplicity of jets with E, > 7 GeV andn < 2 in Drell— Yan events above 11 GeV/|c>.

Table 11: Jet activity in Drell= Yan candidates
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Figure 42: Drell— Yan candidate (event 19010/67) The invariant dimuon mass is 25 + 3 GeV|c?, the
isolation variable S = 5.0 (GeV)? . The dimuons system has a p; of 0.8 GeV/c .
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8. HEAVY FLAVOUR PRODUCTION
8.1 General Properties of the Non— Isolated Events

In this chapter the properties of the non —isolated events are discussed. In these events the muons
are imbedded in hadronic activity, a large fraction of them are in well identified hadron jets. An exam-

ple of such an event is shown in figure 43 . _ i

197Gevse S BT
pf-.12.7;Gce‘V/c//4'

/

E =14 Gev

¥

EJ=27Gev

rd
Figure 43: Example of a non— isolated event (“heavy flavour candidate”) Both muons are in clearly

identified jets, the mass of the muon— muon— jet— jet system is 108 GeV|c* (event
17049/365). - :

We have a sample of 396 events which are not isolated according to our cut; 256 of them are unlike—
sign, 140 are like — sign. The backgrdtiﬁd calculations resulted in a backéround of 117 évents, which are
Vequa]ly like and unlike —sign. The most natural interpretation of the remaining 279 events is the pro-
duction of heavy quarks and their subsequent semileptonic decays. In order to verify this interpretation
a detailed’ comparison of the data with QCD calculations was done. These calculations were performed

with the Isajet Monte Carlo.
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In brief, Isajet generates bb and cc according to-lowest order QCD. The heavy quarks are ha-
dronized using Peterson et al. fragmentation functions. The decay chains of the heavy hadrons are
simulated up to the level of final state particles (pions, kaons, muons, etc.). This is followed by a sim-w
ulation of the detector response. Finally the same reconstruction and analysis procedure is applied as

for real data. A more detailed description of the Isajet Monte Carlo can be found in the appéndix (A
2.1). '

- 45p 1 T T ! T U

2

events / 3 (GeV)

0. Lo 80 120 . 160 200 0 280
(£E, 7+ (ZE,2)°  S/(GeV)’

Figure 44: Isolation variable S for all events. The solid line is the Isajet calculation ( bb and cc) plus the
expected background. The curve is normalized to the number of non— isolated events. The dashed line is
:  the background alone.

| The first thing to compare is the isolation of the events, as this waé uséd to define the different
samples. The d1stnbut10n of the 1solatmn variable S is shown in figure 44 together with the ca.lculatxon
of Isa]et and the expected background The Isajet curve was normalized to the non—isolated data (s
> 9 (GeV)?], after subtraction of the decay background. As the isolation cut is only 82% efficient for
Drell - Yan and Upsilon, we expect 15 + 8 events from these sources in the non—isolated sample.
Therefore we allowed for 15 Drell— Yan and Upsilon events in the normalization of the Isajet curve.
The Isajet calculation is in good agreement with the data. Again we realize the excess of isolated

events, which are interpreted by Drell — Yan and Upsilon.
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- We can estimate the number of isolated events from heavy flavour decays by extrapolating the
Isajet curve into theS < 9 (GeV)? region. This should be consistent with mc result obtained by the fit
of the dimuon mass distributions (see chapter 7). Using the extrapolation one would expect about 59
isolated events (43 from heavy flavour and 16 background events). The fit found 22 + 8 unlike—sign
isolated events from heavy flavours, to which we have to add 8 + 2 b;ickground events. In addition we
observe 17 like —sign isolated events. They cannot come from Drell— Yan and T and are interpreted as
heavy flavour decays as well. The background from pion and kaon decays in the isolated like —sign
sample is expected to be 8 + 2 events. This results in 47 + 9 isolated events from heavy flavour and
background, which is consistent with the 59 events expected from the extrapolation of the isolation
curve. A slight discrepancy of these numbers can be understood, as it is difficult to calculate the exact

isolation properties by Monte Carlo, especially if the events are almost isolated:

¢ Presently there exists no good theoretical model for the underlying event.

e The isolated events from bb stem from the hard tail of the fragmentation functioﬁ; Their exact
properties depend strongly on details ;>f thg fragmentation rﬁechmﬁmn.

e Additional difficulties arise from the poor energy resolution of the caioﬁﬁlefers at low energies,

and from the Landau fluctuations of the energy deposition of the muons in the calorimeters.

Small changes there can signiﬁcantly.,change the ‘Isajet prediction of isolated events from bE but
| they will have only a minor impact on the shape of the mass distribution of isolated events. Hence the
number of isolated events from heavy flavour obtained by the mass fit is more reliable. Taking all this
into account, Iééjet describes the isolation propeftics fairly wdi. Fof fuﬁh& cémparisén between Isajet
and the: data the isolation cut will be applied‘on the Monte Carlb efrents as well as on the data. |

From now on we refer only to the non—isolated events. Impbrtaht dyné.mic bproperties of the .

events which should be compared with Monte Carlo are:

_® p distribution of the muons.
- @ Dimuon mass distribution
¢ E; of the muon —jet systems

e Mass of the muon — muon — jet — jet system.
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The first two items, based only on muon properties, have the advantage of being directly meas-
ured by experiment. The inclusive p, distribution of the muons and the dimuon mass spectrum are
shown in figure 45 . In figure 46 the two dimensional p, distribution of both muons is plotted. In the‘s.e.
plots the Isajet prediction is normalized to the background subtracted data. The agreement between

data and Monte Carlo is excellent.
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Fxgure 45: Kinematic properties of the non— isolated events. The sum of the lajet caIcuIatzon and of the
background is shown as solid line, the background alone as dashed line.
SR a) inclusive muon p; b) dimuon mass :
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Figure 46: py of the fast muon versus p; of the slow rmuon for all non— isolated events. Indicated are the
regions where 0.5, 1, 5 and 10 events are expected. Isajet was normalized to all non— isolated events
after background subtraction.

These distributions reflect the kinematic properties of the b —quarks only indirectly, as fragmen-
tation and decay have to be included. The muon —jet system is more closely related to the original b—
quark?®®. We have to find an appropriate way to define the muon —jet system. A very clear definition is v
offered by ‘theh déta themselves: In figure 47 we plot the AR of eéch jet with an E; above 7 GeV to the

nearest muon [AR = . f(A¢? + An?), see {27}].

From this distribution it becomes evident that jets can be separated into two classes:

22 The muon — jet system should contain all decay, products of the b, except the neutrino. As there are always two neutrinos in -
a dimuon event from heavy flavour decay, it is not possible to use the missing energy technique. The neutrinos tend to be
back —to — back and hence their missing energy vectors tend to cancel themselves.
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Figure 47: AR of each jet to the nearest muon. AR is defined in {-27} . Only jets above 7 GeV E; enter.
Also shown is the Isajet calculation plus background (solid line) and the background alone (dashed
. . line). '

® There is ‘a clear péak from jets clust‘ering at AR < 1. These jets should be mainly due to
fragmentation and decay products of the heavy quarks, which decay into the huons. We call
the jets within AR < 1 *associated jets”. |

e Apart from the peak at small AR, there is an almost flat component which extends up to a AR
of four. These jets should come from all kinds of higher order QCD processes such as initial
and final state radiation, gluon splitting into heavy quarks etc.. Jets which have AR > 1 are

called “non — associated jets”.

The muon —jet system is then defined és the j muon and its ﬁearest associat'ed jet. It may happen that
no jet is found in AR < 1, either beclal..\se it fails the E; cut at 7 GeV, or becauée of the low efficiency
of the UAL jet algorithm to reconstruct low Ej; jets. In this case the vector sum of all calorimeter cells
inAR < 1 ar.oi‘md. thé muon is ﬁsed as ’iet". The four vectors of the muon and its associated jet are
added to deﬁne the muon - jet system. The‘Et distribution of this muon — jet system is shown in figure

48 (a), the distribution of the invariant mass of both muons and both associated jets in figure 48 (b).




page 96

Again Isajet is normalized to the background subtracted data.- Although this method could possibly
suffer from systematic effects of reconstructing, correcting and associating jets, Isajet and data are in

good agreement.
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Figure 48: Properties of the muon jet system. The solid line is the sum of the Isajet calculation and.
background, the dashed line the background alone. Isajet is normalized to the background subtracted
, : data. . :
a) E; of muon—jet b) mass of muon— muon— jet— jet
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Another property of the events, which could be used for a comparison with the Monte Carlo, is
‘the missing transverse energy. The. Etxmss distribution of the data is plotted-in fig. 49 together with the
Isajet predictions. and the expected background. The dlstnbutxon of Etrmss from Isajet is shown before
and after detector. simulation. It can be seen that the measured E.tmiss is mainly due to the limited res-
olution of the apparatus. Therefore we cannot extract much infomiation about the real neutrinos.
Nevertheless, the good agreement between the data and ihe Monte Carlo after detector simulation

shews that detector effects are uhderstood and well simulated.
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Figure 49: 'Missing transverse energy in the non— isolated events. Also shown is the expected
: contribution ﬁom decay background ( dashed line ) from Isajet before detector simulation
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8.2 Separation of cc and bE

As shown in the previous chapter, the hypothesis of heavy flavour. decays describes overall prop-
erties of the dimuon data very well. Accordmg to’ Isa]et calculations the largest fraction of these events
come from bb productlon, only about 10% from & . We already have some evidence which supports

the hypothesis of a large bb production at the collider:

¢ The Upsilon signal in the isolated events, which shows the production of “hidden” beauty.
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‘s The existence of a large number of like — sign non — isolated events. There is no known physics
© source except bb production which can produce such a large number of like —sign dimuons®®.
Background from pion and kaon decay explains only 59 of the like —sign events; the re'main-‘

- der of the 140 events must come from bb, either form second generation decays or from oscil-

lations.

The xlelativc‘ amount of bb and cc in the u.nlike—sign, non-isolated events can be measured ué-
ing the p; of the muon thh respect to the axis of its accompanying jet (" ptrel "). Since beauty particles
are heavier than charmed particles, they tend to produce muons with larger pt"el . For this analysis we
demand that both muons are close to cléa:ly identified CD—jets. It is not possible to usé calorimeter
jets, as their direction is not méasured precisely enough. The CD—jets are reconstructed using the
standard UA1 central —detector —jet algorithm. The jet axis has té be within AR < 1 around the
muon, and the jet must contain at least one ;rack with p; > 1 GeV/e bcsidés‘ the muon track (The
muon track is always included in these jets). This leaves a subsample of 113 unlike — sign events and 63
like — sxgn events. The p; cut of 1 GeV/c redu;:es background from tracks picked up from the underly-
ing event. Such “faked” jets would distort the ptrd distribution. The prébabi]ity to pick up a high—p;
track in a cone of AR < 1 can be checked using random cones in minimum bias events. From this it
Was calculated that in less than 10% of the events one jet is faked and in less than 1.5 % both. If the
cut is lowered to 0.7 GeV/c; this background w111 double accounting for most of thé additional .events
selected (the sémple would theri increase by 20%). Raising this cut would mean a s;evere loss of statis-
tics. The ptml of the muon is calculated with respect to the axis of this jet. The Isajet Monte Carlo
was used to generate ptrel distributions for muons from b— and ¢ —quarks Qrespect}ively. The Monte

Carlo should account for following effects which smear the original ptrel distributions:

e Neutral particles are not used for the reconstruction of the jet axis. -

® Charged particles from the underlying event may be picked up by the jet algorithm.

39 There is in principle the possibility of getting like —sign dimuons from higher order o¢ production, e.g., in & gludn—gluon
scattering with both gluons splitting into cc pairs. According to Isajet this should account for only 0.5 like —sign events.
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e Experimental resolution in the CD (which is important in the coordinate which is measured
by charge division).

e FEffects of the fragmentation of the heavy quark.

According to Isajet, muons from beauty jets have an average ptrel of 0.90 GeV/c, whilst muons
from charm jets have 0.55 GeV/c on average, only 3 % of them have a ptrel above 1.0 GeV/c. The
decay background and its ptmlb distribution was determined by applying the same cuts on simulatedi
decay muons. Thus we expect 25 unlike and 25 like —sign events in this‘samplé with an average ptrel
of 0.74 GeV/c3!. After subtraction of the background a maximum likelihood fit of the Monte Carlo

" generated distributions to the dafa was perfoﬁned. An allowance of 18 % error on the background was
made. The fit resulté in a charm fraction N(cc) / [N(cc) + N(bb] of 15 + 11 % in the subsé.mple of
113 unlike —sign events. The fit was perfonﬁgd with the 63 like — sign events as well. In this case one
has to consider a slight éomplication. Like--.sign events from bb can come either from second genera-
tion decays of one b—quark, or, if it exists, from B? — B oscillations and first generation decays. The
ptrel distribution is slightly different for muon; from first and second generation decays. As the contri-
bution from oscillations is a priori not known, only the fast muon, which is predominantly from first
generation, is used. The fit results in a cc content of 0 % with less than 18 % at 90 % confidence lev-

" el. This is exactly the expected result, as there is no way to get like—sign events from cc . The ptrel

~ distributions for like and unlike — sign events are shown in figure 50 including the fitted curves from cc,

bb and background. The results of vthe fit are summarized in table 12 .

Both results can be combined to obtain the total cc contribution in the non—isolated events.
Adding like and unlike — sign events we find a cc content of 11.0 + 8.0 %. This value has to be cor-
rected because the efficiency of the CD —jet requirement is different for events from bb and cc . As the
charm fragmentation is softer than the beauty fragmentation, muons from charm have generally more
hadronic encrgy> around them and are therefore more likely t§ pass the cut. The seléction efficiencies

from Isajet are:

31 It might appear astonishing that the pt"’—l of the background is larger than that of ¢ , but most of the decay muons should
come from gluon jets which are rather “fat*. For such jets an average pt"el of 0.8 GeV/c for hard tracks (z > 0.5) has
been measured in this experiment {62].
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Figure 50: p/ el of the muon relative to the jet. The curves are results of a fit of Monte Carlo generated
p/€! distributions from cc and bb.
a) unlike— sign events. b) like— sign events.

N(selected bb) / N(bb) = 0.40

N(selected cc) / N(c3) = 0.55 * B (30)
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unlike - sign events like — sign events
bE 74.5 £ 11 39+8
cc 13.5+ 10 0x4
background (fixed) 25+ 5 25+ 5

Table 12: Results of the p{ rel fit (Number of events)

Correcting the result from the fit the total cc content becomes:
N(cc) [N(cc) + N(bb)] = 8.0 + 6.0 %

Thls should be compa:cd with the Isajet calculation of 10 %.

The correction factors applied need some comment. Isa]et uses; a rather soft fraéméntahon func-
tion for the charm quark This results firstly in a relativly small charm content and secondly in a higher
selection efficiency for CD—-]ets from charm. If the charm fragmentation is harder, the selection effi-
ciency woﬁld bécome closer to that for beaut.y events. E.g. the Eurojet Monte. Carlo (see appendix A
2.2) uses a harder charm fragmentation than Isajet. This Monte Carlo calculates a relaﬁve charm con-
tent of 23 %. In this case the correction factor for charm would be less than 0.55, and we can use the
uncorrected results as upper limit. 11 + 8 % is certainly not inconsistent with 23 %, but the much

better agreement with the Isajet calculation justifies the choice of the correction factors used.

8.3 Jet Activiiy

- In our naive picture of heavy flavour production the muons will be accompanied by jets. We have
already made use of the jet activity in the events by defining the muon — jet system and the ptrel of the
‘muon to the jet axis. A jet was classified as associated if its axis was within a cone of AR < 1 ‘a.round
‘the muon. This was justified by the AR(muon — jet) distribution of the data, which clusters at AR < 1
(fig. 47) For the analysis of the jet activity additional cuts are necessary in order to clean the sample

from mismeasured jets:
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e We demand central jets within |z} < 2. Thus the contributions from the spectator ﬁ'agments
of the proton and antiproton are suppressed. This cut also makes the acceptance for jets more
similar to the muon acceptance. - ”

® Veto on double interacﬁons. 34 events are rejected because they are identified as double inter-
actions according to following criteria:

More than 350 GeV scalar energy inn <0 or >0
or
A second well identified vertex, cleanly separated from the main vértex and compatible with
the beam size.
It was always ensured by scanning that both muons come from the same vertex. Double
interactions should not disturb the muon properties very much, but the higher activity in these
events m1ght give rise to additional jets. _

® The analysis was rei)eaied demandiﬁg EKjet) > 10 GeV for the uncorrected jet E; This re-

duces the contribution from fluctuations of the underlying event and reconstruction errors.

The multiplicity of jets per event is shown in figure 51 , for all jets and for non—associated jets

only. All distributions are after background subtraction. The predictions from Isajét are superposed for:

e Lowest order processes only: In a lowest order process only associated jets should appear. As

non — associated jets from initial and final state radiation.

® Including higher order processes: Processes like gluon splitting into heavy quarks or flavour
excitation can be simulated by Isajet to a certain degree, although Isajet does not use correct
higher ordef xﬁatﬁx elemeﬁts (for details see appendix A 2" 1). These pfocesses give rise to

non —~ associated jets.

Fair agreement is observed between the Monte Carlo predictions and the data, although the frac-
tion of high multiplicity events is larger than predicted. This might be a systematic shift due to uncer-

tainties in the jet reconstmction' efficiency and the absolute energy calibration of the calorimeters. :
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Nevertheless, the multiplicity distributions, in particular those of thé non — associated jets, can only be
explained once higher order processes are taken into account.

The'Et distributions of associated and non —associated jets are shown in ﬁgu;e 52 . Both spectra
are well described by Isajet. The loss of efficiency for low E; jefs is due to the cut on the uncorrected
jet E; and the subsequent application pf jet correction factors . |

Differences between associated and non —associated jets can be seen in the cos(0*) distributions

| (fig. 53). 0" is defined as the angle from the incoming protons in the rest frame of the muon —muon—
jet —jet system3? including all non —associated jets. Whilst the‘ cos(8™) distribution of associated jets is
almost flat, the distribution for non—associated jets is peaked in forward and backward directions
[cos(6™) = # 1]. This is expected, as most of the non —associated jets should come from initial state

radiation. Again the Isajet predictions are in good agreement with the data.

-
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~ F I EF
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Figure 52: E, spectrum of jets in dimuon events (background subtracted). A cut of 7 GeV was applied
to the uncorrected jet E, , whilst the corrected one is plotted. The jets have to be inn < 2. The Isajet
calculation (solid line) was normalized to the total number of jets in each histogram.

a) associated jets b) non— associated jets.

3% As defined in chapter 6.3 .
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Figure 53: cos( 0" ) distribution of jets in dimuon events. See text for the definition of cos( 0" ). The solid
line is the Isajet calculation plus the background, the dashed line is the background alone. Isajet was
normalized to the background subtracted data.

a) associated jets, b) non— associated jets.

8.4 Higher Ovrder Processes

The high activity of non —associated jets already indicates the importance of higher order QCD

processes. Unfortunately jet counting is not a very precise method for measuring the amount of higher
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order contributions, at least if low E, jets have to be used. Systematic errors from the jet reconstruc-
tion efficiency, the contribution from the underlying event, and the absolute energy calibration are dif-
ficult to estimate and can account for large uncertainties. The contribution from higher order QCD is'
better determined by looking at muon properties only, which are measured very précisely.

Quantities which are sensitive to higher order processes are the azimuthal aﬁgle difference between
the muons (A¢) and the p; of the dimuon system. In a lowest order QCD process, e.g. gluon—gluon
fusion to a bb pair, both final state quarks are back —to—back, and they have only a small p; of the
magnitude of the fermi motion of the proton constituents. This is reflected by the muons, here of
course some smearing by fragmentation and semileptonic decay of the quarks occurs. In higher order
processes with three or more partons in the final state, the heavy quark system has to balance the py of
the rest of the final state. Hence the muons are forced to be not back —to —back and the dimuon sys-
temn can get substantial p; .

Although Isajet does not use the exact matrix elements for 2 + 3 processes, it is nevertheless able
to simulate the effects of such (and even more complicated) processe; to a certain degree by giving ra-
diative corrections to the lowest order prbcess. It is possible to simulate lowest and higher order pro-
cesses separately and to compare their respective properties with the data. The A¢ between the muons
is plotted in figure 54 . Superposed are the contributions from Isajet lowest order and higher orders,
the background and the sum of all. Both Isajet contributions are normalized to the background sub-
tracted data by a comvmon scale factor. .

As expected, the lowest order contribution peaks at 180° and disappears for A¢ less than IQO".
The A¢ distribution from higher order processes is much flatter, extending from 0° to 180°. Altogether

Isajet describes the data very well and the following conclusions can be drawn:

® It is evident that the data at low A¢ can only be described by higher order processes.
o Isajet correctly estimates the relative contribution from higher order processes. We observe af-
ter background subtraction 27 * 5 events?? at A¢ < 100°. Isajet after correct normalization

predicts 24 events from higher order processes and only one event from lowest order in this

33 The error reflects the uncertainty of the background subtraction (14 + 5 events background with A¢ < 100°).
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Figure 54: A¢ between both muons (non— isolated events).

Superposed are the contributions from Isajet, separately for lowest and higher order contributions and
the expected backgrowzd Isa_;et is normalized to the background subtracted data (using the same scale -

. factor for lowest and htgher orders ).

region.

The quantitative agreement is not trivial, as higher order corrections often show infrared divergences,

which have to be controlled by somewhat arbitrary cut — off parameters.

~ The same conclusion can be drawn from the distribution of the dimuon py . The Isajet higher or-

der processes explain well the events with high py, again supporting the importance of higher order

QCD (figure 55).
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Figure 55: Pt of the dimuon system
Supemosed are the contributions Jrom Isajet, separately for lowest and higher order canmbutzons and
the expected background.

8.5 Cross — Section for bb Production

In order to calculate a cross — section for bb production we have to know the relation between the
number of heavy quark pairs originally produced, and the number of dimuons which are finally de-

tected. This depends on:

pt and rapidity distributions of the heavy quarks

. Fragmenté.tion and decay of the heavy quarks

Efficiency of the apparatus

Acceptance of the physics cuts
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" All this can-only be studied with Monte Carlo calculations. As the agreement.of the Isajet Monte
Carlo and the data is very good, we can be confident that Isajet performs a reliable simulation of these
effects. Starting with bb and cc’ production from lowest order QCD and including (to a certain extend)-
hlgher order correctxons, Isajet predxcts absolutely 436 events from heavy flavour productxon in the di-
muon events 90% of the events are due to bE only 10% come from cc. Dunuons productlon from
tc;p or from Z° - bb is not conmdered in that calculanon. The higher order processes account for
21% of the events from bb. o |

We observe a total of 512 events, from which we have to subtract 134 background events and 84
events from Drell - Yan and Upsilon®* msmﬁng in 294 events. Thus the cross— section calculated by
Isajet has to be scaled down by a factor of 0.67. Isajet vcomputeis a partial cross — section of 1.66 ub for
lowest order bb production, with the p; of both b—quarks above S.GeV/c, and the rapidity within 2.

If we assume that all Isajet processes need the same scale factor (0.67), this cross section becomes:
o(pp ~ bb) = L1 & O.1545 + 0dgyg b

pt > 5 GeV/c (both b—quarks)
[n}< 2 (both b— quarks)

lowest order processes only

The systematic error includes errors of the acceptance, the luminosity and uncertainties of the Monte
Carlo (e.g. fragmentation parameter, structure functions). The reasons for limiting the quoted cross—

section to the lowest order process and to the restricted kinematic region are:

§ Héavszr" quark prodl;étiojn‘outside tﬁis iﬁinéniatical revgion‘ (especially fbrward,ixoduction) will
hardly give dimuons within the acceptance of the detector and physics cuts. Therefore accep-
tance corrections would be large and would introduce large systematic errors.

e Higher order processes might contribute to a large fraction of the total cross — section, but
most of the dimuons from them will not pass the physics cuts. E.g. gluon spﬁttiﬁg into heavy

quark pairs tends to produce dimuons of low in?ariant mass, which fail the 6 GeV/c? cut.

" 3% Corrected for the 82% efficiency of the isolation cut.
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Omitting forward production and low mass dimuons, the remaining corrections due to higher

order processes are small (= 21%). Thus the systematic error from the theoretical uncertainty

in calculating these processes is reduced.

In figure 56 our result is compared with a lowest order QCD calculation [63]. The theoretical

cross section is in very good agreement with the measured one. Also shown is the prediction for Teva-

tron energies \/s = 2 TeV. There the bb cross — section is about five times larger.
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Figure 56: Cross— section for bb production in pp collisions. The solid line is a lowest order QCD
~ calculation of s (pp + bb), as a function of the minimum p; of both b— quarks [63). The UAI result for
Py > 5 GeV/c is shown, too.
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8.6 Si(;gie Muon Data

_ Heavy flavour physics can also be studied using single p data. As only one quark must decay into-
a muon, the efficiency of tagging a bb event is much larger. On the other hand, the decay background
to single muons is higher than to dimuons. It requires a higher py cut to reduce this background. The
single muon selection demands py > 6 GeV)c.

As the single muon sample is very large, a scan of the complete sample was not possible. Instead
of this tight matching cuts, which reduce the background, were developed. Additional software was
used to reduce cosmics, leakage and Kinks [77]. The background was found to be 60% at 6 GeV/c py
and drops to about 20% at 10 GeV/c pt - The inclusive muon p; spectrum after background subtrac-
tion*? is shown m figure 57 . ‘

This spectrum is compared with Isajet calculations using following processes: bb, cc (including
higher order processes) and W-pv. In the single muons the cc contribution is less suppressed than in
the‘ dimuons, about 25% of the events should be due fo & (instead of 10% in the dimuons). Also
higher 6ider processes are much more importz;nt for the single muons than for thé dimuons. According
to Isajet 60% of the single muons eyenfts sfxould_be due to gluon splittihg and flavour excitation, whilst
these préce'sses account for ;)nly 22% of the dimuon events. The niain reason forkthe larger suppres-
sion of higher order processes in dimuon évents‘ is the mM** > 6 GeV/c? cut. Dimuons from gluon

splitting :‘f’cend to be close together and to have a low invariant dimuon mass.

e The data are in good agreement with the hypothesis of heavy flavour production.
© Higher order processes are much more important for the inclusive muons than for the di-

muons. They are necessary to explain the data.

‘e’ The high py tail is well explained by W = p »

The spectrum between 10 and 15 GeV/c was used to normalize the Isajet calculations. This range was

chosen as it has a fairly small background and heavy flavour production still dominates over W -+ p ».

3 The calculation of the single muon background is described in the appendix.
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Figure 57: do/dp; of inclusive muons
a) Single muons with 6 GeV|c < p; < 15 GeV|/c. For comparison the inclusive p; distribution of the
dimuons with p; > 3 GeV|c is shown, too. The lowest order Isajet calculations are shown as dashed
lines, the calculations including higher order processes as solid lines.
b) Single muons with p; > 6 GeV/c (full p; range). The heavy flavour contribution of Isajet was nor-
malized to the data (see text for details). The high p, tail is dominated by W + p v

The normalization factor « is:.
x = do/dp; (measured) / do/dp; (calculated) = 1.27 + 0.27 — 0.18

This normaliz_ation factor is larger than that one‘ obtained in the dimuon analysis (i.e. 0.67, see chapter
6.5). This is probably bcﬁause higher order processes play a more ifnporta.nt role in single muon events
than they do in dimuon events. As Isajet does not perform correct higher order calculations, this devi-
ation is not astonishing.

" Altogether this data are understood and a large heavy flavour production is also seen in the single

muons.
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9. EVIDENCE FOR B°-B° OSCILLATIONS

9.1 Determination of the Mixing Parameter x

From the previous analysis one can conclude that the events are basically understood. It is evident
that most of them are due to bb production. This implies that we might be able to decide whether

B? —B? oscillations can be seen in our data or not.
‘In chapter 2 we discussed that the ratio of like—sign events over unlike —sign events is sensitive
to BY— B° oscillations. We observe 140 like—sign and 256 unlike - sign pa1rs m the non —isolated

events. Subtractmg 58.5 like —sign and 58.5 unlike — sign background events we calculate a ratio:
R=(N*'""+ N"")/N*" = 041 % 007 £ 0.03

the first error is statistical, the systematic error comes from uncertainties of the background subtrac-
tion. In principle we have to subtract 15 unlike—sign events which are expected to be non—isolated

Drell - Yan pairs and Upsilon decays. Then R becomes:
R =045+ 0.08 + 0.04

Alternatively we can calculate R using all events subtracting background and the measured number of

Upsilon and Drell - Yan events, resulting in:
R = 044 + 0.07 + 0.04

consistent with the' values above.

Like —sign dimuons can come from second generation decays b - ¢ -+ x and from B® — B® mix-
ing. The estimates of various Monte Carlo calculations (Isajet, Eurojet) for R are in the range of 0.21
— 0.26 for no mixing, and about 0.40 for maximal mixing in the B% channel (see table 13). These
numbers look very suggestive, but we have to discuss the Monte — Carlo predictions and their uncer-

tainties in more detail in order to. interpret our results.
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If both B —hadrons are pfoduced incoherently, the expected value of R can be expressed by the

following formula:

R = {2x(1—x) Ng + [(1-x)* + x*I Ng} / {l(1—x)* + x®1 Ng + 2x(1-x) Ng + Ng} - {31}

N¢ Events with both b and b decaying in first generation (and both b and b decaying in sec--

ond generation, but that is negligible). According to TIsajet these are 69% of the events.

Ns ~ Events from bb with one muon from a first generation and one muon from a second

generation decay (Isajet: 21 % ).
N . Events from cc (Isajet: 10 % ).

X Mixing parainetgr: Fraction of B —hadrons decaying into a “wrong” sign muon because of

' BY— B oscillations

x=NB-+B-»pu,B+B=>pu*)/NBB+pt) ‘ (32}

The dependence of R on x is plotted in figure 58 using the standard Isajet assumptions for Nf, N and

N . If we set x to 0 (no ‘mixing) the Isajet prediction is (with 10% cc):
R =026

The meaé;lred' R of 0.41 preferes x ~ 0.1, again for 10% ca Similar results are obtained by the Eurojet
Monte Carlo, and by independent calculagi_qxi§ from references [39] [40] (see tabie 13).

The sprqgci on R comes mainly from uncertainties in the relative contributions from second gen--
qaﬁon glccays and from cc . The error on R can be °§ﬁ‘¥‘?‘9d as follqws: The amount of events from
_sgcpx;d gep_g;ation depe;nds on the kinematic ggggg;;i,_es gf the B -~ D (D*) -+ u decay and on the
brggghhg ratios B+» pand D - . Isajet was tuned to rg_prodpcqthe lepton_and D-—mesop spectra

measured at e*e™ experiments (fig. 10). The uncertainties of the measured branching ratios were pro-




page 115

C%

0. 0.02 0.04 0.06 0.08 0.1 0.12 0.14

R versus x X

Fzgure 358: Dependence of R on the mixing parameter x. The curves are for cc ¢ contributions of 5, 10 and
15 %. The standard value of Isajet is 10/;

| reference no _ B? — B? oscillations with x:
oscillations 0.05 0.10 0.15 cc
Isajet ) 0.26 0.34 0.42 0.50 10 %
Eurojet 0.18 0.28 0.31 0.43 23 %
Rarger et al. 0.25 0.31 0.36 0.42 23 %
Halzen et al. 0.25 v 0.38 0.41 0.48 11 %

Table 13: Predictions for R with and without bb oscillations

(Ris deﬁned in {20} )

pagated and resulted in an error of + 0.02 on R . The relative cc contribution dépexids on the semi-
leptorﬁc branching ratios of charm and beauty and on their fragmentation functions. The Isajet esti-
mate of 10 % is consistent with our measurement of 8 + 6 % using ptrel . Varying the cc contribution

by + 50 % changes R w1thm 0.02. Altogether we estimate ihe theoretical error of R for the no mixing
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case to be + 0.03. This is also consistent with the spread of various independent calculations (see table
13).
One might think of additional effects which can influence R:

e Double bb and especially double cc production. These processes should give an equal amount
of like and unlike —sign dimuons. The charm content of gluon jets was measured by UAl

[64]: -
= (number of D™)/(number of jets) = 0.08 + 0.02 + 0.04

The result agrees with theoretical calculations using leading log approximation [65]. Isajet aiso
accounts for these proceéses and is in fair agreement with reference [65] (fig. 59) According to
Isajet they give only 0.5 like and 0.5 unlike —sign events and are included in out, analysxs

e Events from tt and W - tb can give a high fracuon of like —sign events. Assummg a mass of
the top of 25 GeV/c?, we would expect 12 like — sign and 20 unlike — sign events, which would
ehange the ratio by 0.01 . With ixlci-easixlg mass of the top the number of events expected
drops rapidly: about 3 like—sign and 3 uﬁlike—-sign events for my5p = 40 GeV/c2. In fact

- this contﬁbution can be limited to maximally 5.2 like —sign and 7.5 unlil-ce-sign events, sce

‘chapter 10.

Thus the expectation from Isajet is R = 0.26 + 0.03 for no mixing. The probability that this value
fluctuates to the measured 0.41 + 0.07 + 0.03 corresponds to 2.1 standard deviations.

The statistical significance of only 2.1 standard deviations can be improved by performing a like-
lihood fit, which makes use of different kinematic properties of first and second generation beauty de-
cays and of background events. The basic idea is to fit a linear combination of the py spectra of first —
and second generation beauty decays; charm decéys and decay background to the like —sign and un-
like—sig'n events. As the py spectrum of muons from second generation b—decays is softer than that
of first generation decays, the fit should be ‘able to discriminate between both. This can be demon-

strated by plotting the p; spectra of the slawer muon for Isa]et unhke sign events [60 a)] and Isa]et
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Figure 59: Fraction of gluon jets splitting into a cc pair. The fraction is shown as a function of Q, the
mass of the virtual gluon. The calculation is from reference [65]: g -+ cc (solid line), g -+ bb (dashed
"dotted line). The Isajet calculation for g - cc is shown as dashed line. Because of a cutoff this is
underestimated. The Isajet calculation of g - bb (not shown) agrees entirely with [65]. The
experimental point comes from the measurement of the number of D" inside jets by UAI [64]

vlike-—sign events [60 b), no oscillations!]. The latter is slightly but significantly softer. This has to be
compared with the backgréund subtracted spectra of un]ike ~sign [60 d) 1 and like —sign {60 ¢) ] data.
It can be seen that the pts}ow distribution of the like — sign events is a little bit harder than that of pure
second generation decays. In these plots the difference does not. Seéﬁx' very sigxlliﬁcé..nt,‘ but the fit itself
uses the two dimensional distributions do? /dptfaStdptSIOW, which contain the correlations between the
py ‘s of both muons. As the py spectrum of »thf? decay packground is much softer than that of beauty
decays, the fit can correct errors of the 'background noqnalization. Therefore the fit was allowed to
vary the background conﬁbuﬁoh within its error (+ 18%). By the same token the fit can also adjust
the__ I§§jet expect_atiqns _qu first and §§cqnd generatiqn, decays ‘a.ndvcé- wmun the given errors. The best
gsﬁmate of ‘the_ mixing parameter X',_ was ,detgmﬁggd by a log-_,—likelihood method..v The_meth,qd_ is ex-
plained in more detail in the appendix (E) and in reference [66]. The result ‘of the fit is shown in figure

61, from which we deduce the best _gst,imgtg for x:
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Fzgure 61: Likelihood ﬁmctxon of the mixing parameter X Plotted is the negattve Iogarzthm of the
kaeIthood as a function of the mixing parameter X- L

X = 0.121 £ 0.047

x > 0.065 at 90 % C.L.

The alternative of x = 0 (no mmng) is disfavoured by a likelihood ratio of 1:73 or 2.9 standard devia-
tions. This x value need not agree with that obtained from R and formula {31}, as the fit changes
some pararrteters (Nc, Nf, NS) within their errors. Using the kinemat:ic pi'dperﬁes, the sigxﬁﬁeance im-
proves by 0.8 standard deviations.

If the contribution from Drell — Yan and Upsilon is considered, the fit results in:

X = 0.158 + 0.059

x > 0.091 at 90 % C.L.

The no--mixing case is disfavoured by 3.3 standard deviations. In the following we will use the more

conservauve value of x = 0 121 + 0.047, which is also consistent with our pubhcatlon [4].
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The fit can also be donc lcaving the background normalization as a free parameter. Because of the
different p; spectra of background and signal, the fit should reproduce the nominal background. In |

fact, the fit obtains 106 + 36 background events (instead of 117 + 21) and a mixing parameter of:
x = 0.127 % 0.06.

(without subtraction of Drell Yan and — Upsilon). This confirms nicely the results quoted above.

9.2 Interpretation of the Resuli

The non—zero value of x deserves more detailed discussion: In principle both B%g and B can
oscillate and contribute to x (D°— D° oscillations can be ignored [30]). Although B®j oscillations are
expected to be small we cannot exclude them a priori, as we are not able to distinguish experimentally

between the two cases. We have to write x as an average over B% and B%:

x = [(BR)g fgxq + (BR)sfsxs1/ <BR> (33}
fg, f; - The fraction of beauty quarks which hadronize into B®4 or B respectively.
Xdr Xs Mixing parameter for B°d and B respectively. These parameters are defined in formula

{14} .
<BR> Average branching ratio for all B hadrons, wéightéd by their relative occurance:

. <BR> = (BR)gfy + (BR)S fg + (BR), f, + (BR)pfp | {34)

(BR);  The muonic branching ratios of B — hadrons.

@i:d = B°d-’; s = B%;u = B ;B = baryons).

Most of these parameters are unknown. For some of them exist limits or reasonable estimates already::
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The branching ratios (BR); have not been measured individually yet. The differences should be
small and are nggle_c;éd here. We use 12% for all states.

Iy is the fraction of beauty quarks picking up. a strange quark to form a B%g meson. Values for fg

can be estimated from the K/= ratio measured in e*e~ experiments. There the measured value suggests -

an fg of about 0.13 £ 0.02. It was also found that f; increases with increasing Q? [38]. The PEP data

were taken at Js_ =29 GeV, while the average mass of the muon —muon — jet — jet system for the di-
xx;ubns is 46 GeV/c?. As the average Q? is highgr at the collider than at e*e™~ storage rings, a higher
value of fg can be expected at the collider. Another measurement comes from the pp collider ISR at
/5 = 45 and 63 GeV [67]. This experiment uses leading kaons and pions (fig. 62). K* and #* should
come frém scattered quarks froxﬁ the protons. Therefore the ratio N(K*)/N(« ") gives an almost direct
measqx;ement of f/f4:
N(K*+)/N(z*) = 0.456 + 0.003 + 0.018
The true value is slightly larger, as some of the pions come from K" decays:

fg/f4 = 0.55 + 0.05

061 ' i ' ]
“ost ' .
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+ f ' + + T {, .
. 03 . ps' o =
> . L L +
L e
Vs:=62GeV Vs=45GeV . .»,+ + %
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Figure 62: Ratio N(K* )|N(n*) and N(K~)|N(n~) from the ISR. K* and w* should come from
scattered quarks from the protons and can be used for an almost direct measurement of f; 167}.
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The advantage of this measurément is that, in contrast to the ete™ daté, f was measured for leading
particles with an average z of 0.7 — 0.8. As f; is assumed to depend on the fragmentation z, this
should be more comparable with b— quarks, which fragment very hard [68]. The averége z of B—me-
sons in the dimuon sample should be: <z> = 0.9 (Isajet). Of course, this value is biased by the cut
on the muon Pt Using the ISR result (f;/fy = 0.5) and allowing for 10% of B —baryons, one obtains
the following: | ' :

£, :fg:f; = 0.36:0.36:0.18 | {35)
- which we will use as standard values. Assuming maximal mixing of B% (xg = 0.5) and no mixing m
B% (xg = 0), these values lead to a x of 0.09 corresponding to an R value of 0.40 (using formula

{31}). Both values are certainly consistent with the measured ones: x = 0.121 * 0.047 and R = 0.41

* 0.08 . The dependence of x on x4 (and rg {15}) and fg (assuming x4 = 0) is shown in figure 63 .

Xs

0.4
0.35 '
0.3 '

0.25

0.1 0.2

.. "I _
pp
0.15
:Ie*e'
0:1

0.05 02

Figure 63: Dependence of x on r, x; and f; . Plotted are lines of constant x. xg = 0 is assumed.
Indicated are the expected values of f; in the PETRA and SPS region
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9.3 Comparison with Other Experiments

We can compare our result with measurements from e¢*e~ experiments. Searches for B%—B° os-

cillations were made by ARGUS, CLEO, JADE and MARK II. Their results are summarized in table

14.
bb NO result | method
source in GeV -
CLEO T(4s) - BB~ | 106 ' x4 < 0.1990% C.L. | dileptons
ARGUS T(4s) - BB - 10.6 . xg = 0.19 + 0.07 dileptons
MARK II ete” - bb 29. x <-0.1290% C.L. dileptons
JADE ete” - bb 34 o x < 0.1390% C.L. asymmetry

Most experiments use the rate of like — sign dileptons.
The JADE experiment obtained its limit from the lepton charge asymmetry.
See text for references. _

Table 14: Results on B® — B° oscillations from e* e~ experiments

The CLEO iexﬁerixnént uses the T(4s) résonancé, which decays into Bt and B°’d~ . CLEO gives an up-
per limit of x4 of 0.19 at 90% C.L. It rules out full mixing for B4 , but this experiment is not sensi-
tive to B mixing.

The MARK 1I collaboration at PEP uses continuum data above the B®g threshoid and should
therefore be sensitive to B%y and B°g mixing. They give a limit of x < 0.12 at 90 % C.L.[31]. Their
data is at'lower Q2 and fs nnght be lower than at the SPS collider. Taking this into ‘aécount and con-
sidering the error on our ¥, M.ARK II is not in conflict with the UAl result A sumlar hrmt of x <
0.13 at 90% C. L was obtained by the JADE collaborauon at PETRA [32]. The lumts form CLEO
and MARK II are shown i in figure 64 togcther w;th the lower limit on x from UAl. The limits are
compatible with all values of, Xs from 0 to 0. 5 v A

A positive signal for B°d oscillations was recently reported by the ARGUS collaboranon [69].

Their value of the mixing parameter x4 is 0.19 + 0.07 . The # 1 standard deviation bands of the UAl
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Figure 64: Limits on x and x dJrom MARK 11, CLEO and UA|. The solid lines are 90% confidence
level limits from UAl, CLEO and MARK II. The dashed line corresponds to the

measured value of x = 0.12. The UA! data are evaluated assuming f, = 0.18, whilst f;

- = 0.15 was used for MARK II data. This is justified by the lower (* of the e*e™ data.

and the ARGUS measurements are shown in figure 65 . Both measurements are consistent within a

large area in the v. — v.1 plane.
R =) ~ng aQ &

Further limitations on the allowed region in the xg—xq plane can be obtained by combining the

likelihood functions of all measurements. We use following likelihood functions:

e UAl: Gaussion»_: distribution: x = 0.121 + 0.047
e CLEO: Gaussian distribution: xd = 0.096 + 0.096 [27]

e ARGUS: Gaussian distribution: xg = 0.187 % 0.069 [69]

' e .MARK II: Gaussian distribution: x = 0 % 0.075 [31]
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Figure 65: + 1 standard deviation bands of UAI and ARGUS (same values for f and fg as in figure
: . ‘ - . 64). ‘ . > i N

We assumed f; = 0.18 fFOI the UALl data and fg = 0.15 for the MARK 1I data. rI.'he fs for MARK IT
should be lower than thgf for UAI, because of the lower Q? of the MARK .II data. However, 1f ‘we
consider a dependence ofi f; on the fragmentation, their f§ should be larger than the 0.13 measured at
ete” ex‘p_eﬁments. We l;elievé that 0.15 is a reasonable guess. We always assumed that 10%of the
b—quarks hadrohize into baryons. The result of the combined fit is shown in figure 66 . All experi-
mental results are 'cénsistent and allow a large region-ixi the x; — xg plane. Whilst xd is restricted be-
tween 0.08 and 0.20; them is no restriction from experimental data on Xs: all values between 0'and 0.5

are possiﬁ_le.
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Figure 66: Combined fit of x 4 and x . The limit is from a combined fit using results fror"r'z‘:l.f]‘A 1, MARK
II, ARGUS and CLEO (90% confidence level). The same assumptions on f; were made as in figure 64 .

9.4 Constraints on x g and xg from the K — M Matrix

2.7 it was argued that B%; mixing should be stronger than B4 mixing. Hence it seems to be very un-
likely that x4 is larger than xg . Indeed, it is possible to restrict the allowed region in the Xs —Xxd plane
using the theoretical calculations of the box diagrams, and bexisting limits on Kobayashi—Maskawa
matrix elements. This additional information allows to give a iower limit on x4

Writing again the expressions for B’ and B®j oscillations one finds:
Am/T(B%) = const. x By fgs? [Vipl® [Visl® f(my?) vgg

Am/T(B%g) ~ const. x By fa*Vibl? Vial? fmy?) 7Ba - {36}
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The main difference between Am/T(B%) and Am/T'(B®y) should be due to |Vi4l and [Vigl. The depen-
dence on the top mass, f(m?), is the same for both systems and bag—factor, decay constant and life-
_ time should be similar. Theoreucal prejudlces favour 7gg > 74 and?® BB fgs* > Bpq fBd’ [33]

{20]. This suppresses Am/T of B"d relative to B° For sxmphclty we use:

Bps fBs” "Bs = BBd fBd” "Bd

In the Standard Model with three families the K —M matrix is a unitary 3 x 3 matrix. Although the
matrix elemtents Vg and Vig have not been measured yet, they are already constra.iped by the known

matrix elements and by the unitarity of the matrix [37]:

0.002 < [Vyg| < 0.017

0.037 < [Vygl < 0.048 ' : (37}
From these limits it follows that:
(Am/T)gg / (Am/T)gg = [Vygl*/[Vsl* < 0.21 {38}

Thus we can obtain for each value of xg an upper bound for x4 (with B = IVigl? / IVtsll2 and formula

(4): -
xd < Bixg/l1— 2x4(1 - 8% {39}

Tlns bound isv shown in figure 67, togethex" with the loever lumt frem UAL1 and the 90% C.L. contour |
of the combined‘results from UAL, MARK II, ARGUS and CLEO.

: Combunng the UAI result and the K—M bound, a lower hxmt of xg > 0.3 at 90% conﬁdence
" level can be gwen Thxs lmnt depends on the assumed parameters f a.nd fq . Results for different val-

ues of fs and 3 are hsted in table 15 .

3¢ The latter s because {2 is proportional to [¥(0)|%. Non relativistic potentiei models lead to [$(0)] « g. g = m,m,/(m, +m,)
is the reduced mass of the quark — antiquark system, which is ~ mg and = my respectively. Hence fgg > fgq - [70]




page 128

05 02 0.4 08 10,4
UA1 :
CLEO 4 08
1
0.4 } ARGUS |
: K-M 1 os
MARK il |
"
0.3 i
I4 0.4
Xd . II rd
. . . ]
combined limit : -

Figure 67: Limits on x4 and x from the K— M matrix. The lower bound on x from UA!l and the
contour from the combined fit of ARGUS, MARK II, CLEO and UA! are shown as solid lines (90%%
C.L.). The limit from the K— M matrix elements V5 and V4 is shown as dashed line.

Limit from UA1 and V4, Vi :

Am (= 1.12 ps)

f§ - iy ; Xs rg Am/T

0.18 0.36 0.30 0.42 1.20 7.1 x 107%eV
015 0.375 ‘ 0.33 --0.49 1.39 - 8.1 x 107%eV
0.13 - 0.385 0.35 0.54 1.53 89 x 1074 eV

" (for various values of f; and fg, at 90%% C.L.)
the standard values used in this analysis are i = 0.18 and fgq = 0.36,

10% of the b— quarks hadronize into baryons.

Table 15: Lower limits on x5 , rg and Am.
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An even more stringent limit can be obtained from the overall fit of all experiments:
Xs 1 Am/T ~ Am (7= 1.12 ps)
0.40 . 067 - o 2.00 12x 1072V

As thls limit is dominated by the ARGUS result, the dependence on'fS and fy caﬂ be neglected.

It has to be stressed that these limits are valid only in the case of three quark families. Otherwise
: Ytd and Vg are ﬁot sufficiently constrained by the unitarity of the K— M matrix.

Finally we caﬂ study the consistency between ARGUS, UALl and the K—jM limit. This should
answer the question, whether the x-froni UAL is large enough to account for the xg4, which is meas-
ured by ARGUS, and the valué of xs expected from {39} . Applying formula {39} to the ARGUS re-
sult (xg > 0.099 at 90% C.L.‘) a lower limit. of xg = 0.42 can be derived. Using xgq = 0.19 £ 0.07
and 0'.’42 < Xg | < 0.50 the expected range of x can be calculated thh fbrx_nula {33} asa funcuon of f;

(fig. 68): A
x = 0.09 — 0.18 (forf; = 0.10 — 0.18)

These values agree very well with our measured value of 0.12 + 0.047 for a large range of fg. In con- .
trast to the case of x4 =0 (fig. 58), they are closer to our central value without requiring fg to be rela-
tively la:ge.v | |

Altogether the new ARGUS result is in best agreement with our measurement and confirms our

result.
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Figure 68: Mixing parameter x as a function of f:, The dashed dotted line is abtamed using xq = 0.19
(ARGUS) and x¢ = 0.5. The dotted region indicates the range of x, if x dis varied within | s.d. ( +
0.07) and X ¢ Within the limits obtained from the ARGUS result and and formula {39} (0.42 < x $

0.50). The UA1 result is shown as solid line, the * | s.d. as dashed lines. The arrow indicates the
preferred value for f; from the K*[a* ratio measured at the ISR.
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10. LIMITS ON TT— PRODUCTION -

In the previous ana.lyms the heavy flavour contnbutlon to the dxmuons was mterpreted by bb and
bcc alone In chapter 2 we argued that there can be a sizable nurnber of events from top if the top
quark is rather light. The search for an eventual contribution from top production wﬂl be descnbed in
tﬁis chapter. o

The main sources for top are the QCD production of tt and the dcéay of a Winto tb . The
cross— section for t production falls rapidly with increasing mass of the top. The branching réxtio of W
into tb depends only shghtly on the mass of the top, as long as the top is light enough to be produced
in a W decay. In order to study the number of events expécted and their properties, tfand W - tb
events were generated with Isajet for masses of 25, >30, 40 and 50 GeV/c?. As Isajet does not use exact
higher order matrix elements, we scaled the cross— ;ections calculated by Isajet to the values from Eu-
rojet,‘which includes lﬁgller order calci;létions (up to ag®). Thus the Isajet tt cross —section was multi-
~ plied by 1.8 . The W - tb cross section was obtained from the measured W cross —section and the
well known branching ratio W ~ tb . Thcrefc;’re the calculations for W - tb are more reliablc than the

corresponding ones for tt .- Cross — sections and number of events from both channels a;‘ézgllisted in ta-

ble 16 .
mass o(tt) ‘events at o(W - ib) events at
GeV/c? in nb - 659nb~? in nb | 659nb~?
25 12.8 (8.8) » 29 1.63 (1.48) 33
30 5.1 (3.5) 13 1.55 (1.40) 35
40 11 (0.7 .32 v 1.30 (1.18) 3.0
50 0.3 (0.2) 1.3 : 1.00 (0.90) 2.1

The cross— sections are from Eurgjet 2 - 2 and 2 - 3 processes at \[s = 630-GeV (540 GeV).
The expected numbers of events are for dimuons satzqumg the standard cuts and mcludmg
the complete detector acceptance.

Table 16: Expectations for tt and W - tb production
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These numbers suggest that tt production should give a detectable signal, if the top mass is lower
than 40 GeV/c?. If no signal is found, it should be possible- 1o establish a lower limit for the top mass.
The number of events 'éxpéaed frpm W -+ tbis tob small to give a detectable éignal or to obtain uSe;.
ful limits. Hence we will concenﬁate on it productién bnly. |

.As‘the top mass is rather large compared to the beauty mass, dimuon; from tt (and tb) have dif-

ferent kinematic properties:

e Muons from top decays have a much harder p; spectrum.

~& The muons have a large transverse momentum with respect to the original top quark direction.
Therefore muons from top decays are not necessarily back —to —back and have a flatter dis-
tribution in A¢.

¢ By the same féken the muons can have large angles to the remaining hadrons of the top frag-
mentation and decay. Therefore they can be isolatéd.

¢ The two neutrinos will have large E; as well, and need not be back —to —back. So the neutri-
no vectors do not cancel as in bb’ ch;ltS, but can both contribute to a large missing E; .

® Top events have more central jets with a harder E; spectrum.

¢ The general acﬁvity of top events is high. This can result in a higher charged multiplicity and a

higher ZE; (scalar sum of the E, of all energy cells).

A et o ol o JVS. PUPUEY o | SV Sy
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For those -piots a top mass of 25 GeV/c? was chosen. The differences become even more distinct if the
top mass is higher. One has to ﬁlake use of these differences in order to extract a possible signal from
top. The difficulty is that a possible top signal might be hidden in the tails from conventional sources.
"The way to ovércome thls problem is ‘to use as much information as posvsible. One should avéid too
many cuts, as they will also reduce the top signal, which might already be tiny. In order to optimize
both a likelihood method was used:l For éach event the hypothesis that it comes from a tt event was

tested as follows:
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The probability that a kinematic variable has a value in the range between x; and x; + Axjis giv-

en by the normalized distributions: |
a) for bb: /N (AN/dx)p, Ax; = Py(x))
“b)for ti7 /N (AN/dx); Ax; = Py(x)

We take the ratio of the probability of the top hypothesis and the probability of the bb hypothesis.

~ The “top likelihood” of an event is the product of these ratios for different variables:
Prop = WIPEY /Pyl | 40}
Following variables enter in the product

two dimensional p; distribution: d*N/dpy,dp;.
difference of the azimuth angle between the muons (A¢)
missing B¢

number of jets with cos(G*) < 0.8and E; > 7 GeV

This likelihood should tell how much more likely an event comes from tt production than ﬁom bb,
provided that both are produced in equal numbers. This interpretation is only valid if the va.tiaﬁles, ‘
which enter in the prbduct, are uncorrelated. Otherwise it is merely a test function in order to separate
top and bb events.

" In order to bbtain a better rejection of events from bba vefy loqse isqlation cut was applied: The
‘minimum ZE, of both muons has to be less than 9 GeV (ZE, is defined in AR < 0.7, as usual). The
effect of this cut on Monte Carlo events is shown in figure 70 . 7 |
It is very cfﬁment for tt events, but reduces bb events with a high top hkehhood Dimuons from bg
which are produced at high Q?, can have high p; muons in large jets. Additional jets can come from
initial state radiation. Because of the additional jets, the muons need not be back —to—back. Such
events_ can: get alngh yalue of gtop . As the mﬁo_ns are in high E; jets, these events are rgrnoved by

the isplation cut.
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- Figure 70: - top — likelihood versus isolation. ZE ,mi’_’_ is ZE, around the better isolated muon.
" a) Isajet bb events b) Isajet tt events (25 GeV/c?)

The distﬂbutions of the top likelihood for Isajet tt and bb even;cs a.re s}iown in figure 71, for top
massé's. of 25 and 30 GeV/c?. All aistﬁbﬁtions are aﬁer the isolation cut. EventS'fénn t a.révccymc’en-
trated at high log(.?top),A whereas bb events populate the low values. Unfqrtunately the separation is

not complete, there is still a considerable overlap. The sepéxatién becomes better for higher top mas-

ses. . ..

wn
b
~—
[¢]

. In figure 72 the log(#y0p) distribution of the data for the mygp = 2
shown. Superposed are the expected distributions from Isajet for a mixture of bb, cc, Dreil - Yan and
background. Also showx}.is the expected contribution from tt . The observed distribution is well de-
scribed by conventional sources. Even the tail towards high log('_‘t’top), which would qontg.in a large
fraction of a possible top signal, is explained by the no top “cocktail”. In the region log(Zyop) > 52,
where no events are obséi'ved, tt_fprgduction would contribute with 5.0 events. . _

This can already be used to give an upper limit on the tt cross—section (46% of the nominal
value, however without‘ systematic errors). The limit can be improved using the complete region with

log(ZL1op) > 2. This region was divided into three bins. The poisson probability to observe the actual
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Figure 71: Iog(.?m ) for Isajet bb and tt. EE Mmin < 9 GeV. Events at 659 nb™1,~ ( t x 20)
" , a) hypothesis Myop = 25 GeV/c2 b) mygp = 30 GeV/c?

number of events in those bins was calculated as a function of the expected top events and the contri-
“bution from conventioﬁal sources®”. From that we can exclude more than 6.0 tt events with 90 %
confidence level. 17.4 events from tt are expected in that region. This can bev converied into an upper
limit on the tt cross — section. For that we have to consider the errors of the acceptance and the 1grni~
nosity. The lowef limit on o(tf) is 4.8 nb at 90% confidence level for a top mass of 25 GeV/c?.
This analysiswas repeated for the hypothesis of Myop = 30, 40 and 50 GeV/.c2 (for 30 Gt’:V/é,2
see fig, 73). The results and extracted htmts are summarized in tables 17 and 18 . These limits also in-

clude uncertainties from the statistics of the Monte Carlo and from errors in acceptance and luminosi-

ty.

37 In calculating the limits the probability distributions were renormalized allowing for the probability to get the observed
number of events from no top sources alone. This is especially important if t.he expected background exceeds the actually
observed number of events.
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Figure 72: log(< top) of data (hypothesis: Myop =25 GeV/c?). EE,mi” < 9 GeV. Superposed are the
expected distributions for a mixture of conventional sources (bb, cc, Drell—Yan and

background, dashed line) and tt (solid line).

_The limits and the expeétations from Erojet are shown in figures 74 and 75 as.a function of the

top mass. From these plots we can state:

mop > 35 GeV/e? (90 % C.L)

which improves the existing limits from e*e~ experiments by more than 10 GeV/c%.

" Unfortun_ately this limit depends strongly on the Monte Carlo model, especially on the absolute
CTOss — sect,ionvcal_culation of Eurojet. Such calculations can be uncertain within a facto_r of two. How-
ever, as tt is produced at rather high Q?, the calculations should be more accurate than in the case of
bb . The cross— section limits in table 18 are less model dependent, buf there might be uncertainties
from the fragméntation and the decay kinematics. On the other hand, the top fragmgntation’shétﬂd be

very hard, and its semileptonic decay should be well described by the spectator model. Uncertainties in

-fragmentation and decay should not affect the limits very much.
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Figure 73: log(¥ top) of data (hypothesis: Myop = 30 GeV/c?). EEtmi" < 9 GeV. Superposed are the .
expected distributions for a mixture of conventional sources ( bb, cc, Drell— Yan and
background, dashed line) and tt (solid line). ' : '

It should be mentioned that these limits can also be used to exclude an hypoth’etical b, a *’dbwn’
'qua:k (charge = —1/3) of a forth family. If such an object exists and if it is ligfl:ltcr than the top quark,
it can only decay into charm. The croés section 'WOuld be identical with that as%'umed for tt production.
The signature of such events would bek ver&' smular to t': O:ﬂy muons frorn;third generation decays
wquld be absent, and there might be small differences in the decay kinematicé As third generation de-

cays do not contribute to the events with high .#(top), the analysis is valid fo;:‘b-’f).' production as well:

mp > 35 GeV/c? (90 % C.L.)

(same assumptions on cross — sections as for tt)
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Myop’ 25 GeV/c? 30 GeV/c? 40 GeV/c? 50 GeV/e?

a) log(£): 2.0 — 4.0

data 23 15 15 not used

no—top 20+ 74 20 £ 69 19+ 175 -

tt 86+ 14 28 £ 0.5 0.53 £ 0.1 0.0

b) log(¥£): 4.0 — 5.2

data 2 3 4 1

no —top 50+ 20 27+ 14 49+ 1.5 1.9 + 1.2

it 38+ 05 23+ 04 0.39 + 0.1 0.06 + 0.01

c) log(¥) > 52

data 0 0 0 0

no —top 1.7+ 1.5 1.5+ 19 08+ 19 0.9 x 0.5

tt ' 50+ 07 3.8 % 0.7 148 + 0.27 0.94 £ 0.30

Table 17: Events seen and expected in different bins of log(¥ top/

my, events events o(tt)/nb o(tt)/nb

Ge\}?cz expected excluded expected excluded :
log(£)>2 30% C.L. 95% C.L. 90% C.L. 95% C.L.

25 17.4 6.0 6.1 12.8 4.8 6.3

30 8.9 4.8 6.2 5.1 3.0 3.5

40 2.4 3.5 4.5 1.1 1.8 23

50 1.0 2.3 3.0 0.3 0.8 1.0

As a byproduct of these limits we can reduce the posmble contribution of top to the like —sign

events to ma.xunally 5.2 events (and 7.5 unlike —sign), which can be neglected in the analysis of

B® — B° osallatlons.

Table 18: Cross— section limits for tt ( J5 = 630 GeV).
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v Figure 74: Limits on tt production (I). =
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Also shown is the number of events expected using the cross sections from Eurojet. The limits are for tt
production only, W - tb was not considered.
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Figure 75: Limits on tt production (I1I). Excluded cross sections for tt-pfoduction (90 % and 95 %
‘confidence level). Also shown is the Eurojet prediction. '
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11. ISOLATED LIKE - SIGN EVENTS

The overall pieture of the dimuon events looks. as if everything is explained by the Standard
Model. However, in the data of the 1983 run a couple of puzzling like —sign isolated events were
found, which a'.t_v-thét time could not be interpreted in terms of standard dimuon sources [2]. One event
(8038/31 or "Q‘,’,,;_ﬁg. 76) is very outstanding, having two u* with pg > 10 GeV/c each, which are al-
most exactly back —to—back. Besides that, the event is very quiet, no jets have been reconstructed,
The only remarkable activity is an A which is found 90° away from the muons in the transverse plane.
In addition an event with a similar configuration (8254/1 179 or “8") was found, this time with two p~
and an X, but the muons at lower Pt (7.3 and 5.1 Ge\}/c respectivly). Nevertheless it looks like a

“mirror” partner of event “Q”. What happened since that?

Firstly, UA1 collected almost six times the luminosity of 1983. No additional events with 1solated
like — sign muons above 10 GeV/c (like event "Q”) have been found, but some new events with isolat-
ed muons at lower pt, similar to “S”, appeared. Secondly, we ﬁghtened the isolation requirement used
in the earl); analysis; namely ZE; -< 4 GeV for each m;lpn, in order to improve the separation of
Drell— Yan ﬁom heavy flavour events. Especia]ly events from bb production at low Q? could easily
satisfy the EEt < 4 GeV cut. Both events “S” and "Q* fail the new isolation cut {29} . ‘

If we now plot p; of the fast muon versus p; of the slow muon for the like — sign events satisfying
fhe new isolation cut [S < 9 (GeV)?], everything agrees with bb (Isajet) and paekground (fig. 77).
However, if we go back to> the old definition, SE; < 4 GeV, we find the following (fig 78):

Iq addition to the 17 events already satisfying the S < 9 (GveV)2 cut 23 new events were selected.i
These 40 events are called “semi—isolated”. Most of them cluster at iow Pf of both muons. Their dis-
tribution is well reproduced by the Monte Carlo. Events with semi—isolated muons in the medium Pt
range, like event “S”, are in good agreement with QCD, too. Only Event "Q” sticks out in a region
where practically no event is expected.

What is the probability of such an event? From the background estixﬁate the probability to have
an .like—-sign event with both muons above 10 GeV/c py is 1.5 x 10~4, even if we do not cut on the

isolation. The background simulation found no semi — isolated event of that type, which enables us to
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pf=10.6 GeVic

Figure 76: Picture of event 8038/21 "Q"
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" Figure 77: p,(fast) versus p(slow), like— sign isolated events.

Events satisfying S < 9 (GeV)?
The number of events expected from Isajet plus decay background are indicated. A mix-
ing parameter x of 0.12 is assumed. Isajet was normalized to all (including non— isolat-
ed) events.

give an upper limit of < 10~* at 90% confidence levevl.l Both muons are very well measured, and their
signs are determined w1th more than 6 ¢ significance. Thus the event cannot be a mismeasured Drell -
Yan candidate. -

Looking fo__:i"’:ph);sics sources one can exclude top, this might give isolated like —sign dimuons, but
. such events havé a high jet activity. In order to study the probability to get such an event from bb a
Monte Carlo prociﬁction of 10 pb~* was used. This production estimates 0.3 0.1 unlike — sign events
with p; > 10 GeV/c, and 0.03 + 0.03 like —sign events at an integrated luminosity of 659 nb~!. None

of them should be semi —isolated. Like —sign semi —isolated events at lower pt (4 GeV/c) are typically
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~ Figure 78: py(fast) versus p( slow ), like— sign semi— isolated events.

SE; < 4 GeV for each muon.
' The number of events expected from Isajet plus decay background are indicated. A mix-
ing parameter x of 0.12 is assumed. Isajet was normalized to all (including non— isolat-

ed) events.

suppressed by -a factor of 0.15 compared to non —isolated like —sign events. If this factor is still valid at
higher p;, we would expect only 0.005 like —sign semi —isolated events. These numbers are without
B° — B° oscillations. As this production run out of statistics for high p; muons, a special Isajet pro-
duction was made concentrating only on high p; b’s (10 pb™1). The results above were confirmed, but
this time one MC event was found which comes close to the isolation cut. In table 19 event “Q” and
this special Isajet event are compared.

Except of the_,‘ sign of the muons all other properties are quite similar, both events show no jet ac-

tivity. This single MC even;'t would correspond to 0.08 unlike —sign events. As the Isajet Monte Carlo
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event sign Pt 2E; A¢ 7 mh# 2B
GeVic  GeV deg GeV/c2  GeV
8038 31 + 11.5 3.1 188 0.05 22.1 48
+ 10.6 1.5 -0.10
Isajet _ — 11.1 2.1 175 0.04 28.3 54
+ 10.8 4.1 1.54

Table 19: Comparison of event 8029/31 with an Isajet event

has not implemented B — B® oscillations, we can calculate the probability that this event becomes

like — sign because of oscillations. Using a mixing parameter of x = 0.12 we would expect 0.02 like —

sign events of that type. The respective number without mixing is 0.005. This shows that it is not

completely impossible to get such an event like “Q” from bb, provided that B® —B° oscillations exist.

However, the probability is only 1/50 based on one z;;fcidcntally found MC event, so the event still re-

mains somewhat mysterious. In table 20 an overview on the high p; events-and the MC expectations is

given.
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all unlike —sign like —sign unlike —sign like — sign
: semi isol. semi isol.
data 5 -4 i 4 1
bb 0.33 0.30 0.03 0.08 0.005
x=20 ‘ ' '
bb 0.33 0.24 0.09 0.06 0.02
x = 0.12 R
Drell —
Yan 2.2 22 : - 22 -
| ground 3x107¢ 1.5x10* 1.5x10~# < 107* <107*
(x = 0: ro mixing, x = 0.12 : Lnixing)
Because of the low statistics from the bb Monte Carlo
the values given here are uncertain within a factor of two.
Table 20:

Probabz"lity for events with p; > 10 GeV/c for both muons.

i
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12. LOW MASS DIMUONS

Coming tb the end we want to give a short review of the analysis of the mMF < 6 GeV/c? data.
They are not the subject of this thesis and more detailed descriptions can be found in [73] [74]. Nev-
ertheless they are related to the dimuon analysis and therefore are worth while mentioning.

As described in chapter 4;2, the “low mass” sample is defined by following physics cuts:

pe >3 GeV/c (both muons)

mtE < 6 GeV/e?

The selection resulted in 1211 events, 335 were validated by scanning. 295 events are unlike —sign, 40
are like —sign. The background in this sample is estimated to 38 + 9 unlike—sign and 19 % 5 like—
sign events.

A rich variety of physics processes can contribute to this sample:

® Drell - Yan process with QCD corfectioﬁs

® Cascade decays of b+ c p v and subsequently c - spu v

e Higher ordei' QCD processes such as gluon—gluon scattering with oné gluon splitting into a
cc or bb pair. In the case of bb this can lead to like —sign events by second generation decayé

and by oscillations.

b g W, ~r1 91 Xt es
Decays of migh py J/¥'s

® Decays of light mesons like p, « and ¢

Many of these i):ocessés involve higher order QCD processes, as for example a low mass Drell - Yan
pair must recoif iagainst a QCD jet in order to get endugh py to satisfy the selection cuts. These pro-
cesses are dlﬂimilt to calculate. Especially if the dimuon mass becomes very low, the Monte Carlo cal-
culations are biased because of cut —off parameters. E. g. for the gluon splitting process g - cc Isajet
demands the cc mass to be larger than 6 GeV/c2. It is hard to relax this cut. without disturbing other

properties of the Monte Carlo (e.g. jet evolution).
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The production of light mesons involves problems as well. They have very small bx_‘,anclﬁng rat-
i0s*® in muon pairs, but they are copiously ﬁxioduced in ordinary QCD — processes. ’I‘hei;contribution
depends on fragmentation functions of light quarks and gluons, and reliable ca_lcuiatior;g are difficult.
Unfortﬁnately the mass resolution is poor in the region around one GeV/c?, so that tlus contribution
cannot be separated easily from the continuum.

This is different for the J/y. In figure 33 it can be seen that the J/y signal appears as a clear peak
in the m## distribution. As the J/y shows up so clearly, an attempt was made ‘to relax the cuts on the
muons in order to get a larger sample. This J /¢ selection demanded only one muon with p; abovg 3

GeV/c, but the dimuon mass muSt, Be in a window around the J/§ mass:

one muon p; > 3
a second mﬁoh such that:b
2 GeV/éé < mPt < 4 GeV/c?
pt > 4GeV/e |

identical technical cuts as dimuon selection

H'I'his:.yieldecbl_ 1803 events, but‘there is s;)me overlai) wnh the‘standafd dimuoﬁ sélection. Af‘tevr”i.iducial v
¢ cuts and scanning 458 unlike — sign events remainéci (and 61 like —sign events). Thé dimuon mﬁss dis-
tribution of the unliké-— sign events is shown in ﬁgure 79 . | | o |

The mass spectrum was fitted by two gaussian distributidns fepfeéénting the J /¥ and the t]/ and a

constant background (see table 21 ). The cross — section for J /\P production was found as:

o(J/¥, py > 5GeV/c) = 0.08 £ 0.03 b

. There exist two possible sources for J/y events:

® Decay ofB—mesc_Shs B+ Iy + X

38 The relevant branching ratios are [75]:
p -+ pp': 0.0067 0.0012 %, w - mpp: 0.010 + 0.002 %, ¢ ~ pp : 0.025 + 0.003 %
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Figure 79: Dimuon mass distribution of J|¥ selection: one muon p; > 3 GeVJc, 2 GeV|c* < mht < 4

GeV/c? , unlike— sign events. The distribution was fitted by two gaussian distributions (J|y and y’) and
a constant background.

state events mass/GeV/c? ‘widths/ GeV/c? mass (world)
I 303 + 18 311+ 001 . 0.14 £ 0.01 3.0969 + 0.0001
v 14+ 4 3.64 + 0.04 - 025 x 0.01 3.6680 x 0.0001

The masses and widths found are in excellent agreement with the.

world avoracs ("world”) and the synoctod oxvnerismontal resnhition
wiiels LrErGEL | wliih ; Gl il CRPEGTE CAplriiitrng: Floekailss.

Table 21: Results of the J|y search.

The branchmg ratio of this decay was measured as 1.4 £ 0.6 % [11]. J/y’s from B—decays
should be non —isolated. (The few ¢ found can only be explained by B —decays).
¢ QCD production of x states and subsequent transition: x -.J/¢ + y (Because of the Zweig

rule J/¢’s cannot be directly produced by gluon fusion). These J/¢'s should be isolated.

A large 'fractior.i (}f the J/¢’s is non —isolated, which again indicatés large bb ‘production.v At the mo-

ment Monte Carlo calculations estimate the cross— section of J/¥ from B—decays to 30 nb, whic_:h
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explains only a part of the signal. Also QCD calculations of x production have difficulties to expiain
the amount of isolated J/¢'s, but thése calculations are very uncertain and things may change [76].

The remainder of the low mass events (py > 3 GeV/c each muon) was found to be consistent
with the physics sources listed above (fig. 80 and 81). Like in the analysis of the mhb > | 6 GeV/c?

data, the events from Drell ~ Yan could be sepa.rated by an isolation requirement:

SEy(r) < 3 GeV for both muons
| and
ZEy(u) < 3 GeV
: ZEq(pp) is the Etm a‘c'on; a:é)und the direction qf thé dunuon The isolation cut diﬁ‘ers from that
used for the_ mﬁP ‘> 6 Ge’V/c2 d’ata.- T}ns cut takes int(; acéount that m the 1§w fn;ss sample the |
muons are close tqgeth.e'r.'
~ From the isolated. eveﬁts a vcross—-section ‘for low maés Drell—Yaﬁ pa.trs with h1gh Pt couldr be

obtained:
"DY(Pt““;' > 6 GeV/e, mtt < 6 GeV/e?) = 1.3 + 0254, + 0.5y

The non —isolated events are consistent with heavy flavour production. The number of like sign events

is consistent with B® — B? oscillations. At very low masses there is room'for events from decays of light

VECLOT mesons.
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Figure 80: Dimuon mass distribution of unlike— sign events mtF < 6 GeV/c2 [74].
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13. THE FUTURE: ACOL

_ -The mam limit#tion_of the prescnt_pﬁ collider is the low luminosity due to tile difficult antiproton-
eccmmﬂation. In 1987 the AA will be replaced byAan ﬁnproved facility called ACOL. Then the SPS
_collider should reach ten times the present luminosity. Together with this improvement the UA1 de-
tector will undergo a major upgrading program. The ma.ln improvement will be the replacemenf of the
present electromagnetic calorimeters (Gondolas and Bouchons) by an uranium calonrneter Wthh is
read out by a warm liquid (tetramethylpentane or “TMP~). [78]. The adva.ntages of this new technolo-

gy are:

® High resolution: The determination of the energy. deposition in a TMP calorimeter is:reduced
to vthe measurement of the absolute charge deposited. This can be done much more precise
) thaﬁ the ﬁxeasmement of ‘the light intensityv ef :; conventional scintillation ca.lorimete}'. Hence
the energy resoluuon 18 much better. | | o
® Hzgh Granulanty The new calorimeter w111 have a tower structuxe which i unproves the spatial
resolunon Thxs w1ll result ina better electron identification, jet deﬁnmon and measurement of
1solat10n A new tngger processor wxll make use of these advantages |
0 :Radzatan Hardne;.v. In contrast to a scmtﬂlatmnvcalonmeter, TMP readout does not suffer
ﬁ'em fadiation damage end ageing. This enables a better calibration and long ten;i stability of
‘the apparatus improving the energy resolution.
® Higher Density: Because of the high density of uxamum a combined electromag_netic and ha-
dronic célorirneter can be placed in the same space formerly needed by the elegtromagnetic
calorimeters alone. The present hadronic calorimeter will work as a “leakage” detee;or.
~© Compensation: The new calorimeter will ﬁave an almost equal response to ele_ctrens and ha-

drons. This improves the energy resolution of jets.

With the high statistics from ACOL and the improved energy resolution it should be possible to
* measure the W and Z° masses with a precision of 100~ 200 MeV. This is a factor 10— 30 better than

presently quoted.
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Together with the cental calorimeters other parts of the UAI detector- will be improved: New for-
ward calorimeters will give a better rejection against double interactions, which are more frequently at
high luminosities. The muon detector will be hﬁproved in order to stand the hlgher rates. This includes

va.n enlarged iron shielding in the forward direction and more sophisﬁcated higher level triggefs. Undgr
discussion is the installation of a microvertex detector.

Thus the improved pp collider and the upgraded UAl detector will still be an ideal place for

probing the Standard Model or looking for new physics beyond it.

Concerning dimuon physics the main program can be:

e The high luminosity will increase the preéént dimuon sample by more than a factor of ten.
This will certainly reduce the statisfical errofs on all meaéured quantities e.g.: Icrbss;sectioﬁs
and thé ratio like —sign to unlike —sign events. This is especially important for tﬁe‘meésure-
ment of R. At present the statistical error is dominant over the systeﬁlatic error (= 0.07 com-
pared with + 0.03).‘ Therefore higher statistic is urgently needed to.irppfove the R measure-
ment. The systematic error on R from the uncertainty of the backgrdi:md subfractiOn can be

" improved, too. Using the fnafching of CD track to muon éhambcr tréck_ (chapter S.S)A the error
on the backgrbund is itself limited by the statistics of the individual reverence samples. The the
systematic en"or can also be reduced by‘demandiﬂg a higher py of ‘the muons. This suppresses »
the contribution from background and second generation decays and their uncertainty becomes
less important. With 10* dimuon events it should be possible to determine the mixing param-
eter x with a precision of i IO.OOSStaFt + 0.010sys . This should be compared with the present

~ accuracy of 6'038stat + 0.02()Sys . There is hope that the systematic error of the Monte
Carlo (at present .-_I_- 6.02) can be‘reducéd, once better data on fragmentation and branching
ratios are available. | |

¢ Having higher statistics it might also be possible to reconstruct hadronic final states of B—
mesons decays. An interesting candidate is the decay B%; - p v F [79], the F could be identi-
fied by the decay chain F -+ 7 ¢, ¢ - K"K~ . The recénstruction of a few events of this kind

in the like —sign events could give a hint that the oscillations are duc to B .
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¢ The new calorimeters will improve the measuremenf of the isolation of muons. Separation of
Drell— Yan and Upsilon from heavy flavour events will become easier. Also the search for a
top signal will become much easier if the isolation is better defined. The improved resolutiér.lﬂ
of jets might enable a search for resonance decays like W - tb giﬁng two muons and two jets.
e The high luminosity will allow the search for rare processes.v Provided ﬂle top‘qua.rk is light
enough W - tb will give in the order of 50 events, a signal which should be found. The a&-
vantage of this channel is that the cross—section of W - tb is well known. The sensitivity for
~ tt production wﬂl also be extended towards higher masses. In addition, one can look for all

kinds of exotic particles such as leptoquarks, SUSY — particles, and whatever else. - -

Because of the posiﬁve signal for B®—B° oscillations one can ask the question, if the B? system
‘shows, analogous to the K°, CP violation. Up to now CP violation has been observed in the K° sys-
tem: only [82] a;ld is yet not competely understood. Although the phase in the K~ M matrix offers an
explanation within the Standard Model altcrnr;xtive models are not.ruied out [26]. In the dimuons CP—

'"'.violatio_n: would show up as a difference in the rates of plus — plus and minus —minus dimuons:
‘e=[N‘++ = NT71/IN** + N°7] | @y
CP violation can be relatively strong in the B° system [81]:
;(B°d) ~ 102

It was always believed that this system does not show large mixing. Hence it should produce no or
only few like — sign dimﬁons, and CP violation might be invisible. On the other hand, CP —violation 15

' eipected to be much smaller in the By, which should mix substantially: -

e(B%) ~ 10~*

At present we observe 78 (+ +) events and 79 (— —) events: ¢ = 0.013 + 0.080. However, only

25% of the like —sign events are due to mixing, the remainder comes form second generation decays
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and from background. Therefore an eQentual CP violation would be reduced by a factor of 1/4. Cor-
recting for that, we obtain:

ecp < 042at 90% C.L.
which is not very exciting.

It needs a much higher statistics to reach the precision, which is required by the theoretical ex-
pectations. If the CP violation is in the order of 10~ (e.g. if only B°; would mix) about 10° dimuon
events are needed. In a less pessimistic scenario one can assume B°3—B°%y mixing (xq = 0.19 as-
measured by ARGUS [69]), and a CP violation of 1072 in the B®y channel®®. This would need a sta-
tistic of about 10° like —sign dimuons. This is also not possible with ACOL, but can be done with a
specialized high luminosity machine (“b —factory”).

Nevertheless an attempt should be made to measure this e parameter as precisely as possible. The
small CP violation in the B system is due to delicate cancellations of different amplitudes [80]. Ar_ly
non standard contribution to the box diagram can change this dramatically. Such non standard contri-
butions can be SUSY particles, Higgses, right handed W's, leptoquarks, quarks of a fourth family etc.,
even if their masses are too high to i)e directly produced at the collider. Thus a precise measurement of
€ can probe the Standa:d Model and open a wmdow to new physics.

Another prormsmg way to look for CP violation in the B system are the hadromc decays of B—

mesons. If two axpplitudes with different weak and strong phases contribute to the same decay channel,

_This of course is not a subject of dimuon physics, but requires single muons (to tag one b and meas-

ure its sign) and a micro vertex detector in order to reconstruct the hadronic decay.

3% However, there are arguments that CP violation in B% decreases if mixing increases. Thus ¢(B°g) might be much less than
10-2[33]. ,
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Figure 82: CP vxolatzon in hadronic decays of B— mesons. The interference of both dtagram.s' may lead
toa CP vzolatmg difference of the pamal decay widths of B* - D* P" and B~ - D~ D° ( repIacmg
- *d" by s gtves the decay: B~ - F— D° ) [83]. . .
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~ 14. SUMMARY AND CONCLUSIONS

In pp colﬁsioﬁs at 630 (540) GeV centre of mass energy heavy quarks are copiously produced,
mainly by gluon.fusion. About 10% of them deday semileptonically into muons. These muons are
normally in jets of hadréns from the fragmentation and tﬁc decay of the heavy quarks, they are non—
isolated. Muons can clga.nly be identified in the presence of hadronic energy. Thus non—isolated
muons are an ideal tool to tag heavy quarks. The cleanness of the signature can be improved by de-
manding bqth quarks to decay into muons, resulting in a dimuon event.

In order to study heavy quark physics at thebcollider, we seleété_d diix1.1;on éi/ent satisfﬁng follow-’

ing cuts:

p¢ > 3 GeV/c (each muon)

mht > 6 GeV/c?

This resulted in 512 events. The background in the sample, mainly from pion and kaon decays, is
estimated to 26%. | |

The events can be classified according to their sign and isolation. Unlike — sign isolated events can
be interpreted in terms of the Drell~ Yan process and Upsilon decays. We cxtracted the following

cross — sections from these events:
Drell — Yan production: o( m##* > 11 GeV/c? ) = 0.26 + 0.0854,5¢ + 0.055y nb
Upsilon preduction: (BR) x o(T,1,T") = 1.0 £ 0.254,¢ * o'zsys nb
The non —isolated events are regarded as heavy flavour candidates. They should be dominated by
bb production. Although cc is (at high ‘pt) produced in equal amounts as bb, dimuons from cc are

suppressed because of the softer fragmentation of the charm—quark. The cc contribution can be

measured using the p; of the muon relative to the axis of its accompanying jet:

N(ce)/[N(cc) + N(bb)] = 8.0 + 6.0 %
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This number is in good agreement with QCD calculations.

Heavy quarks can be produced by lowest order processes like gluon fusion or quark —antiquark
annihilation, or by higher order processes such as gluon splitting or flavour excitation. Higher ordexl
processes tend to produce muon pairs with high p; and hence the rﬂuons are not back —to —back in
the transverse view. From the A¢ and the p## distribution we can s;,tate that higher order processes
account for approximately 21% of the dimuons froﬁx bb, in agreement with theoretical models.

The kinematic properties of the events were compared with QCD calculations. These caicu‘lé.ﬁons

describe the data well, which allows us to give a cross —section for bb production:
o(pp = bb) = 1.1 £ O.lgpa + O.dgyg kb

pt > 5 GeV/c (both b— quarks) -
I} < 2 (both b—quarks)

lowest order only

| ‘In geﬁerd all propértigs of the.e‘vénts are in excellent égreemex;t with.QCD caldﬂatioxis. Only the
' large numbe_: of ‘ like — mgn events cannot be e#plained in terms of sc_;,cond generation beauty decays or
background. The most natural explanation of the excess Qf like — sign dimuons is in terms of B® — B°
oscillations. Like in the K®—K?" system a B® meson can oscillate into a B b& second order weak
interaction. Thus a B° meson, which normally decays into a p*, can transform ‘into’ a B?, which de-

cays into a p~. The probability of this process, described by the mixing parameter x, is measured as:
x = NB -+ B -+ p*)/NB - p¥) = 0.121 + 0.047

It shoulﬂ be stressed that the sigrﬁﬁcance of this result depends strongly on the correct background
subtraction. We used two hldeéeﬂdeﬁt metﬁods to calculate the background. Both agree very well.
Thus we are conﬁdent thaf the background is understood in detail.

There exist two B® mesons which can show qsciilgtions: B4 and B% . Experimentally we éapnot

distinguish between them. However, in the Standard Model with three families the_ physical allowed
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region of the mixing parameters x and x4 is restricted by the Kobayashi —Maskawa matrix elements

Viq and Vi . In this model we can give a limit on xg:

Xs = N(B% = B’ + u")/N(B% - p¥) > 0.30

(90% C.L)

We assume that 18% of the b—quarks hadronize into B®; mesons. The limit can be improved by

combining our result with results from other experiments (CLEO, MARK 1, and recently ARGUS):

Xs > 0.40 at 90% C.L.

The oscillations in the B° system occur via the exchange of virtual top .qua:ks. The tdp is the
charge + 2/3 partner of the beauty quark. At present there exists no direct eviﬂence for the top quark.
The cross — section for tt production at the collider falls rapidly with increasing tdp mass. If the top is ‘
light enough, tt production should give a sizable number of dimuon events. A‘.:scaréh for cvents from tt
production did not find any signal. Using the Isajet model with the cross — seétion from Eurojet calcu-

lations a lower limit for the top mass can be given:

mtop > 35 GCV/Cz

(90% C.L.)

However, thls limit- depends on the absolute cross — section for tt producfioﬁbalcﬂated by thé Monte
Carlo. | | .'

Apart from the merely numerical results stated above the following conclusions can be drawn:
Heavy flavour physics, especially beauty physics, can be done .successﬁﬂly at the collider. Compared
with e*e~ machines the disadvantage of “noisy” events is couﬁterbalanced By thé higher cross— section
fof heavy quark production. | |

“The evidence of B®— B? oscillatiohs is certai;ﬂy the rriosi' iniporteint fes;ilt of this analysis. "I‘hgse
oscillations are an (indirect) evidence for the existen.cé of the,fop qua:k. Tﬁey also announce interesting‘

proSpects for the futﬁre. Provided an ixhproved theoretical understanding of the bag pmeter and the
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B —decay constant, a more precise measurement of the mixing parameter x will aliow stringent con-
straints on the Kobayashi— Maskawa matrix elements Vi4 and Vi and on the mass of the top quark. |
In addition these oscillations are one precondition for the search for CP violation in the B — sector. |

The next collider runs of UA1 will certainly deliver more precise results and will lead to a deeper
understanding of these phenomena. On the other hand the sensitivity, which is necesséry for the detec-
tion of CP violation, will certainly not be reached. This needs a specialized machine which should
provide at least 10° BB pairs a year.

This analysis made heavy use of Monte Carlo calculations. These calculations are needed to link
the properties of quarks to the actually measured‘para.metcrs such as muon p; or isolaﬁ‘qn. Generally
the Monte Cario described the data vchf well and this agreement allowed importanf .conclusions.
However, limitations of the present Monte Carlo programs are already yisible. Some of them come
from incomplete knowlé_zdge bf pa:ametefs (e.g. branching ratios, fragmentation &’s etc.). There is hope
to cure that once more experimental data will be available. Other limitations require. more theoretical
input, for example the calculations of higher order contributions, or ihe replacement of phenomenolo-
gic models by exact calculations. Also the immense amount of computer time needed for those calcu-
lati,o‘nsv becomes a problem.

In summary the beauty quark is a very interesting object for future research, Further. progress in

beauty physic needs certainly:

® Good muon dat# from high luminosity collider runs

' Precision measurements of Brahching ratios, lifetimes, ﬁagrhentaﬁdn parémeters efc. by é*e‘
expen'ments' - -

© Better theoretical understanding of the B— decay and the box diagram. (fg and bag ﬁa;rmnetcr)'

® Accurate and fast Monte Carlo generators | o | o

o In the near future a high luminosity “b —factory”
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APPENDIX A
MONTE CARLO CALCULATIONS

- A.1 QCD Calculations:

Calculations of QCD processes in proton antiproton collisions make use of a factorization of the

complete process into three parts (fig. 83 ), using the quark parton model.

a) b) c)

Figure 83: Factorization of a hard process in pp collisions

In this model a proton consists of quarks, antiquarks and gluons, normally called partons. The process '

is then described as the interaction between these pointlike constituents of the proton.
A.1.1 Structure Functions

In the first step [ a) in figure 83 ] one has to describe the proﬁability of finding a certam parton in
the proton, carrying a fraction x; of the protion’s longitudinal momentum p. The partdn’s longitudinal
momentum is simply: p; = x;p . This probability is expressed by the structure function Fy(x). Fy(x) is
defined as thé density va a parton (i) at the fractional momentum x. The normalization of the structure

function has to fulfill:

1
3 xFi(x) dx; = 1 | {4
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One has to sum over all parton species and to integrate from 0 to 1. Structure functions of quarks were
measured in deep inelastic scattering of muoﬂs and neutrinos on hadronic targets. The gluon structure
function can be deduced using the normalization requirement {42} . It was found that gluons account.
for roughly 50% of the proton momentum. Parametrizations of these structure functions are available,
for example, from Eichten et al. [84] Duke and Owens [85] a.n_d Gluck, Hofmann and Reya [86]. These
parametrizations also include the Q? dependence of the structure functions which leads to scaling vio-
lations. Unfortunately different structﬁre functions give different results, which reflects the theoretical

uncertainty and some lack of experimental input.
A.1.2 Matrix Elements

The interaction of two incoming partons with momenta p; and Pj giving two outgoing partons

with momenta py and pj is described by the parton cross — section:
dojdt = a2(QYA2) | A2 [ §* ' {43}

s and t are the Maﬁdelstaxjj variablesé

s = (p; + pj)’
t=(p;— PR’
u = (pj ~ pp)’ - {44

agis the strong coupling constant which “runs” as a function of Q%
ag(Q?/A%) = 124/ [(33 — 2.ng) In(Q?/A?)] : {45}

ny is the number of flavours involved in the process and A defines the QCD scale, it is normally taken

to be 200 MeV.

|A4] is the matrix element of the process. Lowest order calculations of the matrix elements for various

processes were made by Combridge et al. [87] and some of their results are listed in table 22 .
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process |Al2

Q1
o1

G q- Q4+t

Cmg - Q6@+ )(t) — Y8 (u? + Y

s,t and u are defined in {44}

TabIé 22: Lowest order matrix elements for QQ production.
As ag is rather large compared to thé clectromagnétic cduﬁling constant ag (ag ~ 0.15 at Q? -
(50 GeV)? and a, = 1/137 respectively) higher order processes are quite important in QCD. The next
order involves processes wnh three outgoing partons ("2 - 3%), mainly gluons from initial and final
state radiation. One can either calculate the correct 2 - 3 matrix eléments [v88], Or use an approxima-
tion by applying radiative corrections to the partons as suggested by Fox and Wolfram [89].
If the matrix elements and the structure functions are known, the cross —section is given by the

expression:
E do/d’p = = {[dx; d.x] Fy(x) Fj(x]-) (s/=) doijkl/dt x8(s+t+u) {46}

The sum has to be done over all relevant parton types. The delta function ensures energy and mo-

mentum conservation*®.

40 If the outgoing partons are massive, the delta function has to be changed into 8(s + t + u — 2m?).
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A.1.3 Fragmentation

Unfortunately the outgoing quarks and gluons are not directly observable. They fragment into
collimated bundles of hadrons, which are seen as jets. The important parameter describing the frag-

mentation is defined by:

z = (E + plDhadron / (E *+ P)quark R {2}

pll is the hadron’s momentum parallel to the quark’s momentum. For a very high momentum z is the
fraction of the quark momemmn which is transfered to the hadron in the fragmentation. For light

quarks and gluons the disuibution of z wés found to be [99]:
D2y dsg™>1 -2+ 3a(1-2)? (a=089) S (47

This results in a rather “soft” fragmentation, that means that the hadrons on average keep only a small
fraction of the initial parton momentum. On the contrary, heavy quarks show a much “harder” frag-

mentéﬁoh, which cén be parametrized according to Peterson et al. [19]:
D@)p = n/{z[1—- (/2 —e/(1—2)*} {3}

The parameter ¢ depends on the quark mass and therefore on the flavour of the heavy quark. The
- srhaller:e, the “harder” is D(z), it peaks at higher z values. Typical values of ¢ for charm and bottom

quarks are listed in table 23 .

flavour » ' <z> €
" charm o 0.59 ©0.15
Dbottom _ 0.77 . 0.015

Table 23: Charm and beauty fragmentation parameters.

[90]

These values have to be taken with care! In e*e” experiments they are often derived from:
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z = 2 Bhagron / v/ B

with /s being the centre of mass energy of the e*e~ collision. Those z’ values have to be corrected

because:

® The centre of mass energy of the actual interaction can be less than /s because of initial state
v radiation.

® The heavy quark can radiate gluons (= final state radiation) before it forms a meson.

The true z —’distribuﬁon is harder than the méasured one. On the other hand one, has to take the same
effects (especially gluon radiation) into aécount, if one uses these ¢ values for calculations. If, for ex-
ample, ﬂle calculation includes radiative corrections to the outgoing partons (final state radiation), a
harder fragmentation has to be used in order to reproduce the ovérall D(z).

In Monte Carlo calculations several methods of simulating fragmentation are usﬁ;d:

e inciependent ﬁagméntation as ﬁroposed by Feymﬁa_n and Field [91]. The quarks produced in
the interaction fragment independently according to their respective D(z). The quarks and
gluons produced in this f:agxnentaﬁon step are 'again fragmented. The emerging cascade finally
stops if all qu_arks are on shell or have hadronized.

* Stnng fragmentation, a_cpordixig to the Lund model [92]. Here the quarks are connected by

MR W 2 Avey (oA -l Y miean

colour strings. The strings are associated to the colour field between the quarks. The energy in
the string rises with the increasing distance between the quarks (= 1 GeV/fm) . The strmg
breaks if the énergy is high enough to create new particles.

e The Webber model [93]. This approach is different from the phenomenologic models above. It
calculates QCD c':ascade processes using leading log approximation and Altarelli Parisi spl_itting
functions. Only at the very end of the cascade, when the partons reach a certain mass cut Q.

colourless clusters; are formed in a phenomenological model. These clusters decay subsequently

into hadrons.
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Independent fragmentation and string fragmentation models depend on many parameters which have

to be put in by hand and tuned to reproduce the data. Such parameters are:

e Fragmentation functions D(z) for each parton type.

e Transverse momentum distribution of hadrons with respect to the initial patton axis.
® Flavour ratio u : d 5.
e Ratio of vector/pseudovector mesons

¢ Baryon production.

Production of heavy qnarks ‘

The Webber model in pnncrple needs only two parameters, the QCD scale A and a cut —off mass Q, .
These models have been extensively tested in e¥e” expenments The experiments favour the ‘
string and the Webber model, as mdependent fragmentatron fails to descnbe correlatrons between soft
vpamcles in three jet events [90] Except for such deta.tls all models descrlbe the data very well, espe-
crally the behawor of leading partxcles is well reproduced As the behavmr of soft partlcles in pp colli-
sions is anyway obscured by the underlying event, the independent fragmentation model is used in our

analysis.

A2 :Monte Carlo

It is nnposs1ble to calculate all quantrnes which are important for the analysrs of the data analyt-
rcally Monte Carlo sunula’uons have to be used mstead |

Events are generated accordmg to the theoretical cross—sections and evolved up to tl;e level of
final state particles. In addition,' it is possible to include a complete simulation of the detector response
in the event simulation: Charged tracks produce digitizings in the CD. Particles which h1t the calori-
meters give electromagnetic or lradronic showers distributed over several calorimeter cells. The energy
deposited in each cell is converted into a number of photoclectrons, which can fluctuate according to

poisson statistics. The deviation of muon tracks by multiple scattering is simulated. The detector sim-
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ulation delivers “raw data”, which can be analysed by the same procedure as real data. This enables the
study of effects of physics cuts, resolution of the apparafus, and reconstruction algorithms.

On the other hand a precise Monte Carlo calculation needs high statistics and therefore much
computer time. Including detector simulatioh one xhinute per event is realistic. For our analysis we

made use of two different Monte Carlo programs which are described in the following sections.
A.2.1 Isajet

The Isajet Monte Carlo was written by F. Paige and P. Protopopescu [94]. It generates QCD and

Drell — Yan type events in pp or pp collisions. The main features of this program are:

L] It uses structure functions from Eichten et al. [84] "The user can choose Duke and Owens [85]
| structure functlons altematxvely | |
° QCD cross — sections of heavy quark product.lon are taken from the lowest order calculations
of Combndge [871. Chaxm quarks are treated as massless, for beauty and top quark the mass is
:taken into account. |
. Iiadiative corrections are applied to final state partons using the leadiné log approximation of
‘Fox and William [89]. Corrections to incoming partons are done by backwards evolution as
suggested by Gottschalk [95]. A cut—off mass of 6 GeV for these radiative corrections was
chosen. Below that mass the partons are hadronized using phenomenologic fragmentation
models. ”
L qua:ks and gluons are fragmented asshming independent fragmentation. Forl heavy quarks the
| Peterson et al. fragmentation function is used, with the following ¢ values: E |
s(charm) = (0.3 |
e(beaaty) = (.02
e(toi)) = 0.02 n'vx(beauty)zlm(top)2
| The hrobability to pick up an hp, down or atrange quark is set to:

u:d:s = 043:043:0.14
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'The ratio of vector mesons to pseudoscalar is 3:1. Baryons are produced by generation of di-
quarks with a relative rate of 10 %. The fragmentation products are generated with an average
ptrel of 0.35 GeV/c . The fragmentation parameters were carefully tuned to describe e*e™ data
correctly (fig. 85).

Beam jets (= “underlying évent") are generated according to a model originally proposed by
Abramorskii, Kanchelli and Gribov [96], which is based on multi pomeron exchange. The ba-
sic parameters of this model have been tuned to reproduce UA1 data (e.g. W2 or two—jet
data). |
The B—mesc;ns decay model of Eurojet [98] was implemented in Isajet. It reproduces the
measured lepton and D—-mesqn spectra from e*e” experﬁnents (fig. 10 ). The branching rat-
ios used for the muonitizydccay of B—mesons are listed in table 24 (together ‘with those for

D —decays, the muonic branching ratio for top is 11%).

meson rate BR - meson rate - BR

B* 387 % 12 % D* 38.7 % 17.0 %

BC 38.7% 12 % Do 38.7 % 1.5 %

BY 12.6 % 12 % F 12.6 % 6.5 %

B —baryon 10.0 % - 12 % C —baryon 10.0 % 7.5 %
Table 24: Beauty and charm hadrons in Isajet.

Production rate and muonic branching ratios

Because of the radiative corrections heavy quarks are produced in two ways:

e In the hard process described by the matrix element [most of the time gluon fusion, see fig 84
a)]. Although such events can have additional partons from initial and final state radiation they

are called "lowest order”.

e In gluon — gluon scattering one gluon can split into a heavy quark pair [fig. 84 b)]l. A similar

process can happen to an incoming gluon which splits into a heavy quark pair. One of these
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quarks takes part in a hard scattering process with another gluon or light quark (*Flavour ex-
citation”). The probability for this process is determined by the heavy quark content of the

- structure functions. Gluon splitting and flavour excitation are called *higher order processes”.

a

Figure 84:  Heavy quark production in Isajet. v
a) Fusion Process (“lowest order”) plus initial state radiation
» - _-b) Splitting of an outgoing ghion
The dashed box indicates the process which is calculated using the 2 - 2 matrix element.

Ii hés to be mentioned that this naming of “lowest order” and “higher order” is not correct in terms of
perturbation theory. E.g. Proccsseé (a) and (b) in figure 84 are of same order in ag, they even corre-
spond to the same feynman diagram (but at different kinematicairregions). Nevertheless they are treat-
ed differently in Isajet. Hence thése two categories cannot directly be compared \ﬁth the “2 » 2" and
. "2 +» 3” processes of Eurojet. |

Apart from such “theoretical” difficulties, Monte Carlo calculations also have more trivial uncer-
tainties, coming from the choice of input parameters. In table 25 the variation of the dimuon rate de-
pending upon structure functions and fragmentation parameters is listed. Such uncertainties are in-

cluded in our error on the bb cross — section.
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Eichten - Duke and Qwens

e = .03 (soft) 090 0.79
¢ = .02 (standard) - 100 0.83
= .01 (hard) 120 0.91

Structure functions (standard is Eichten et al.) and fragmentation parameter ¢.

Table 25: Relative dirmuon rate Sfor different M — C parameters: *
process - onb " relative contribution
heavy flavour production
unlike — sign events )
bb (lowest order) 2022 . 5%

{ cc (lowest order) 0.266 7 %
bb (higher order) 0.500 14 %
cc (higher order) 0.124 3%
l_ike —sign events (no mixing)
bb (lowest order)'. 0.578 16%
cc- (lowest order) 0.0 L 0%
bE (higher order) . - .0.183 5%
cc (higher order) 0.003
Z° decays
bb (unlike —sign) 22 x 1073
bb (like —sign) 22x 1073
cc 0.9 x 1072
e~ 1.8 x 1073

Cross sections for dimuon productzon after applying standard physzcs cuts:

Pt>3 GeV/c, mth > 6GeV/c 7 < 24

(no. delector acceptance ).

Table 26: Dimuon cross— sections for Isajet subprocesses.
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Figure 85: Measured charm fragmentation and Isajet simulation [97].

A.2.2 Eurojet

The Eurojet Monte Carlo event generator was written by A. Ali, B. Van Eijk and E. Pieta.rinen‘
[98] [99]. The main difference of this program compared with Isajet is the explicit use of higher order
matrix elements. Together with the lowest order 2 - 2 processes Eurojet uses the O(ag?) 2 » 3 matrix

elements. Such processes are:

Ql

qtq-g+Q+

g+g-g+Q+Q

g+q+-q+Q+0Q

This includes processes like gluon splitting in heavy quark pairs and the so—called flavour excita-
tion*!. Unfortunately these higher order diagrams have singularities, which have to be regulated by

cut — off parameters. Eurojet uses a cut—off of 5 GeV p; for the outgoing partons. Thus the Eurojet

*! In Isajet this flavour excitation is accounted for by the heavy quark content of the structure functions. In Eurojet a heavy
quark content is not admitted. »




page 173

cross — sections depend slighily on this more or less arbitrary cut — off parameter. The remaing features

of Eurojet are quite similar to those of Isajet:

e Use of Eichten structure functions (other choices are possible).
e Independent jet fragmentation according to Peterson. The values for the peterson e used in

. Burojet are:

e(charm) = 0.05
e(beauty) = 0.015

e(top) = 0.0002

These values differ from those used in Isajet. The main reason for this is that Eurojet does not
use radiative cor;écﬁons in thé evoiﬁﬁon of final state quarks. Tﬁus different £ values have to
be used to obtain fhe éorrect overall fragmentation distributién. Nevertheless the charm frag-
mentation in Eurojet is harder than that used in Isajet. This results in a larger charm contribu-
tion to the dimuons. Eurojet predicts a-charm content of 23% whereas Isajet calculates 10%.
The value actually measured using the ptrel technique is 11 + 8 % (without corrections for the
different efficiency for bb and cc, see chapter 8.2) which is compatible w1th the Isajet value,
- but 1.5 ¢ away from the Eurojet prediction.
The flavour ratio used in the Eurojet fragmentation is:
u:d:s = 041:041:0.18
thus assuming a slightly higher strangeness contribution than Isajet. The ratio of vector over
pseudovector mesons is 2 : 1 for heavy mesons.
e The weak decays of heavy quarks are made using the measured branching ratios for all known
decay modes. Estimates based on phase space and isospin were made for the remaining decay
.modes. The lepton and hadron momentum distributions from B and D decays were compared

with data and showed a satisfactory agreement.
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Because of technical reasons it was not possible to use the events generated by Eurojet with the
complete detector simulation. This is especially important for quantities measured by calorimetry,

where effects of the resolution are large. Muon properties are less affected, especially if the muons have

rather low p; .
meson rate BR meson rate BR
B* 369 % 12 % D* . 369 % 18.0 %
B° 36.9 % 12 % D° 36.9 % 1.5 %
B°s 162 % 12% F - 16.2 % 8.5 %
B—baryon 10.0% 12 % C - Baryon 10.0 % 8.5%

Table 27: Beauty and charm hadrons in Eurojét.

Production rate and muonic branching ratios
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process a/nb

relative contribution

heavy flavour production

unlike — sign events

b5 (2~ 2) 24 42 %
cc(2+2) . - LT 075 13 %
bE(Z - 3) 1.2 21 %
cc(2-+3) o 0.51 9%
like — sign events (no mixing) | -
b5 (2 -+ 2) 1 0.57 10 %
cc(2-+2) 0.0 0%
bb (2 -+ 3) 0.28 5 %
cc (2 3) 0.0 0%
Z° decays
bb (unlike — sign) 44 x 1073
bb (like — sign) 3.1x 107?

I3 15 1073

Cross — sections for dimuon production after applying standard physics cuts:

pr>3 GeVic, Mt > 6 GeV/c% |ql < 24

(no detector acceptance).

Table 28: Dimuon cross— sections for Eurojet subprocesses.
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- APPENDIX B
LIKELIHOOD FIT OF x

The value for thé'mixing parameter x (defined in formula {32} ) was obtained by é maximum
-iikelihood fit. This fit takes into account the absolute pmdicﬁons for the number of like and unlike —
sign events, and the differences in the tw§ dimensional p; distributions of muons from first and Second
generation decays and from background.

The distribution of the p; of both mﬁons, Pt1» Pt2, for like —sign events is:

. :dle/dPtldPtz = dsz/dPtldPtz x [2x(1—x)]
t+ dst/dPtldPtz x [(I“X)z’*'X?]

+ d?Npg/dpy,dpy, : {49}

For unlike —sign events one obtains:

d?Ny/dpydpy, = d?Ng/dpyydpy, x [2x(1=x)]
+ d?Ng/dpydpy, x [(1=-x)*+x?1
+ d?Np/dp;,dpy,

“+ d2N/dpydpy, - {50}

= @EESEEEISESS MR 2 R§ T ESSS SEERAIE oI tEs

Ng are the events from first generation bb, N from second generation bb, Ng from decay background
and N from cc . The distributions for i)f)— and vcE— were taken from Isajet. Anv overall ﬁorma]ization
factor was applied in order to reproduce the observed number of events.kBecause of uncertainties of
the measured branching ratios and fragmentation functions, the individual contribut;io;;isA from first and
second generation bb and from cc were allowed to vary assuming gaussian errors. The semileptonic
branching ratio for B —mesons, By, could vary by + 0.058, for charmed mesons ("Bc‘") By + 0.10 and
the fraction of charm events ("f,") by + 50 %. The distribution for background evﬁritsr was obtained
from the simulated background events, its normalization (”fbg") could vary within 18% .

The complete likelihood function is:
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£ = 1Ny <Ny>NUoxp(~ <Ny>) (unlike) [d*Ny(PaiPr2)/dPyadppal/ < Ny > %
1/(NY) <Np>Nlexp(— <Np>) Tgipe [62Ni(PioPrai)/dprdpeal)/ < Np> x

GlfpgfogoAfog) x G(Bb:BpaABp) x G(Be,BooABG) x GlfpfonAlo) (51)

The products n(u.rﬂike) and H(like) include all non isolated unlike and like —sign events respectively.
N; 1s the number of actually observed events, <N;> the expectations from formulae {49} and {50}

and:

G(x,%5,A%) = 1/./(27AX) x expl — (x—x,)? / 2(Ax)?] ‘ {52}

The negative logarithm of this likelihood function was minimized using the program package MINUIT
[100] [66]. As usual in log—likelihood fits the + 1 standard deviation error is defined by a difference of

0.5 of log(#), the single sided 90% confidence level by a difference of 0.82.
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APPENDIX C
EFFICIENCY AND ACCEPTANCE

The efficiency of the apparatus and the acceptance of the cuts for different processes was studied

with Isajet calculations including full detector simulation. In most cases the acceptéﬂét_'e can be factor-

ized in a process dependent part from the physics cuts, and an approximately process{indepcndent part

from geometrical acceptance and technical cuts. This provides useful information for estimating rates

and cross — sections avoiding the painstaking procedure of detector simulation. The -overall acceptance

should factorize like:

Teuts

Mrenstr

trigger

M = Tcuts Tgeo Trenstr Mtrigger _ {53}

Acceptance of physics cuts: p;, m## etc. This factor is process dependent and has to be v

stu(iied by Monte Carlo

Geometrical acceptance of the detéctor. In principle this is process dependent as -the
muon acceptance is higher in the forward region than in the central region (fig. 21 ). So
the overall acceptance depends on the rapidity distribution of the muons. For many pro-
cesses this rapidity distribution is quite uniform and an overall factor of ~ 0.75* = 0.56

for dimuons can be used.

Reconstruction efficiency: Fraction of muons which are reconstructed by the software and

- pass the technical selection cuts. As for example the CD reconstruction efficiency is non-

uniform in different regions of the CD, the same arguments as above apply. Nevertheless

a factor of 0.42 for both muons is a good approximaﬁon.

Trigger efficiency: Fraction of events which fire the triggér afier hitting the muon cham-
bers. As the trigger conditions varied from run to run and even within a run, this has to

be calculated by averageing over the different conditions weighted by their respective lu-
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minosity. It is also process dependent, as the tﬁgger region covered only a part of the
forward ‘région. For dimuon events this is less important as the dimuon trigger covered
almost the whole‘ acceétance of the muon chambers. In addition there is a large redun-‘
dancy as in most of the time only one muon must have triggered. A study of the Strigger

for dimuons gave an average value of 0.82 for all runs (for 1985 it was even 0.98).

Examples of cross — section calculations using these efficiencies can be found in table 29 .

process: Dell Yan Upsilon

M > 1l GeV/c?
cuts 0.54 0.39
isolation . 0.82 0.82
geometry 0.53 0.53

{ reconstruction - 042 : 042

trigger- -~ . 0.82 ' 0.82

0.086 + 0.013 ‘ ~0.058 £ 0.007
Events ") 14.8 + 4.8 + 2.0 4075
Luminosity/nb ! 659 ' 659
cross — section 0.26 + 0.08 + 0.06 nb 1.0+ 02+ 02

* . o . . . . .
) the second error is from uncertainties in the parametrizations of the mass spectra.
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Figure 86: Acceptance of detector geometry and p, cut. The acceptance is calculated as function of the
dimuon mass for fixed p; of the dimuon system. The rapidity distribution was chosen flat between — 2
and 2. Efficiency of the trigger and of technical cuts is not included. This gives.a global reduction factor
of 042 x 0.82 = 0.34.
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APPENDIX D
BACKGROUND OF SINGLE MUON EVENTS.

‘Ca.lculating the dimuon background we started from a sample of single muons events. Tllus the
decay probability of each hadron besides the muon could be calculated. A similar approach for the
calculation of the single muon background was not possible, as an unbiased sample of no muon events
did not exist. This is not necessary if one is only mterested in the inclusive background and not in a
spemal topology of the event*?. The inclusive muon p; distribution can simply be calculated by con-

voluting thev‘ measuxod Pt distribution of hadrons with the probability of the hadrons to fake a muon:
dojdpy(faked ) = [ Flpg"py#) dojdpi® dpg® o 8

The lxadron p¢ spectrum was measured by UA1[55] in minimum bias data. It cao:'bo pora:netﬁzed by:
| dza)dptdy = 2w Ap; o™ / (py + pq)n {55}

A=3713+%15
t0= 1-3 i 0‘04

n=2934z014"

The probability density F(pt ,pt") of a hadron w1th pth to fake a muon of pg* was calculated with'a
single track Monte Carlo which simulates a pion or kaon decay and the cornplete detector response.
This was done in exactly the same way as for the dimuon background. The cuts applied on the faked
muons were of course different, depending uporl the selection criteria (e.g. tight selection). For the pion
and kaon content the same assumptions as for the dimuon background were made: 21% K and 58% =
. The resulting do/dpf distributions for faked muons are shown in figure 87 for the so—called loose
selection, which used the same cuts on the muons as the dixhuon selection, and the tight selection us-
'ing more restrictive technical cuts. These background spectra are compared with the measurod inclusive

muon p; distributions. The background of the loose selection is right on top of the data, it even ex-

. % This is different for the dimuon background: As we demand a mass cut on the muon the background depends on the corre-
lations of the muons with other particles. This can only be studied using real events.
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ceeds the data ét Pt Betwéen 3 and 4 GeV/c. This verifies the assumption made in the dimuon back-

ground calculation, that the low p; single muons are dominated by background. In the case of the tight

selection, which is used in the single muon analysis, the background for high p; muons is well below
| ‘the déta glvmg room to a signal. ‘. | | |

MUON INCLUSIVE p, DISTRIBUTION MUON INCLUSIVE p, DISTRIBUTION

Q) (LOOSE (Dimuon) SELECTION) - BNTIGHT SELECTION)
10 — ' — 10 — T
- . , - 10° |- .
107 s o Inclusive muon data o .. ° Inclusive muon data
x Estimated Background « Estimated background
2 = - 102 L. . 4 ’ -

10 .
w ' . . . S R =. :
~ | : @ -
> 10 : 1 S 0 % -
9 3 x®
Y o o r-4 x.
€ () : ~ o
R I o * -1 g 1= xe -
] ' ¥+ 3 x Soq
) ¥ i = x .
= 10 S i ; . S | 2 ?_—Q¢' : -

' : __T- : : - ——

0 | - 12| ++ 4

—pe

10"3 i L i I ) 163 1 1 [

S0 10. 20 30 40 0 10 20 30 40

MUON b., DISTRIBUTION ACCEPTANCE CORRECTED MUON p, DISTRIBUTION-ACCEPTANCE CORRECTED

Figure 87:  Inclusive do|dp, for data and calculated background :
' a) loose selection cuts as used for dimuons.

b) tight selection cuts as used for single muon analysis..
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APPENDIX E
UAI COORDINATE SYSTEM

We use the following conventions for the coordinates:

e The positiye x— axis is along the direction of the p beam.
® The positive y — direction is vertically upwards.
'- The positive z— direction is horizontally, pointing outwards the SPS cycle.
] 'The‘ 8 angle is defined towards the positive x — axis.
~® The ¢ angle is defined in the y—z-.—plane perpendicular to the beam. 0° is along the positive z
- axis, 90° along t}.xe positive y axis. | .

pt and E; always means the vector component perpendicular to the x or beam axis.

The pseudorapidity is always calculated using: 3 = —111(tan(0/2))
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