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Abstract

An analysis of electron-positron annihilation into hadronic final atatesdal.
center-of-mass energies ranging from 50 to 57 GeV, me‘asured by the AMY de-
tector at the TRISTAN ete” collider, is presented. With a data samplle corre-
sponding to an integrated luminosity of 193 pb71, u.total of 2280 hadronic cv'ents
were selected. The total cross sections (or the ratios R) were then detFrmme
with an overall normalization error of 4.1% and point-to-point sysiematic errors

i 1.1% to 2.8%. .
mngvl\’r:ago[:)zen:vcd?n evident rise in R that is due to the 2° inter‘medmte state.
Although the measured total cross sections at the higher energics tend to. bei
consistently larger than the prediction of the sl'iandal:dtm:del using the nomina

sin? fw, and Azps, they are still consistent. o
Va]“é::::: :’:z:)‘e vari:;);es wer:’ inlculated to further tesi: for the po_sstblht:.y o({
new heavy guark production. They are all consistent with e.xpectahons asek
on five quark flavors. Assuming a threshold depend.ence as given by the qu:m; -
parton model, 95% confidence level lower mass limits of ¢ > 27.6 GeV/kc or
the top guark and my > 25.5 GeV /c? for the fourth generation down quark were
Obtz‘:;dl'i values together with lower energy results were compared to the stan-
dard model prediction to obtain best fit values for the standard model para_n‘lel:ier;
Mo, the Z° boson mass, and Apg, the QCD scale pu.nmeter. 'I:he fits yie Ce :
Mgzo = 888120 GeV/c? and Agz = 0.17+31% GeV with the'thlr.d-order .Q D
corrections. The value of Mg, although somewhat smaller, is .shll. marginally
consistent with the direct measurement of Mze. In the determ.ma.hon of Ags
the effects of the third-order QCD corrections are found to be significant.
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Chapter 1

Introduction

TRISTAN {1], the clectron-positron collider at the National Laboratory for High
Energy Physics (KEK), Japan, became operational in 1987 and opened up & new
high-energy frontier for ete~ physics, replacing PETRA [2], the storage ring at
the DESY laboratory in Hamburg, West Germany, which terminated operations
in 1986. The AMY detector [3], situated at one of the four interaction points of
the TRISTAN ete- collider, has been in operation since the start of TRISTAN,
taking data at the highest e*e™ center-of-mass energics achieved to date, with
the possibility that a new horizon may appear for particle physics.

The primary motivation for the TRISTAN collider and the AMY experi-
ment is to challenge the so-called standard model of elementary particle physics,
j.c. the standard (Glashow-Salam-Weinberg} electroweak model (GSW) [4] and
quantum chromodynamics (QCD) [5]. To date, the successes of the standard
model have been impressive; a wide variety of electromagnetic, weak, and strong
interaction processes have been studied with results that have been always in
support of the predictions of the model.

In the standard model, all phenomena other than the eflects of gravity are
described by a set of elementary particles and three kinds of interactions {elec-
tromagnetic, weak, and strong interactions) among them. In this model, matter
is made up of spin 1/2 particles called quarke and leptons. Quarks differ from
leptons in that they carry color charges, which couple them to the strong inter-
action just as eleciric charge couples charged particles to electromagnetic forces.
Quarks and leptons fit into similar patterns as far as the electroweak interactions
are concerned: the quarks come in pairs

WAWIHES o

where the upper quarks have electric charge 2/3, and the lower ones -1/3, while

for the leptons we have
Ve vy v,
)E)-

where the upper leptons, called neutrinos, are electrically neutral, and the lower
ones have charge -1. Fach pair of quarks is associated with a corresponding pair



of leptons, and each set of quark and lepton pairs is called a generation. So far,
three generations are nececssary to explain the spectrum of observed particles;
however, there is no theoretical reason to limmt the number of generations to
three. In addition to quarks and leptons, there is & set of spin 1 particles that
mediate interactions, the so-called gauge particles. The best known example is
the photon, 5, which mediates the electromagnetic interaction between charged
particles. The recently discovered W+ and Z° bosons mediate weak interac-
tion among quarks and leptons. Similarly, the strong interaction is mediated by
massless, neutral particles called gluons. The model requires yet another parti-
cle, called the Higgs boson {spin gero), which is instrumental in spontaneously
breaking the underlying symmetry of the model and giving masses o the parti-
cles. The existence of all of these particles, with the exception of the top quark
(t) and Higgs boson (H°), has been established. At present, there is no evidence
for & fourth generation.

In spite of the many successes of the Standard Model, it still has a few missing
ingredients. In addition to the still unobserved top quark and Higgs particle,
the model has several parameters that are not yet precisely known. Moreover,
gravily still cannot be incorporated in the model in a satisfying way and the
model cannot answer meany fundamental questions like the mysterious equality
of the proton charge with the positron charge, etc.

Among the many experiments tesling the validity of the Standard Model,
those using et e~ colliding beams have been particularly useful [2]. This is because
et e~ reactions are relatively simple to interpret, and the theoretical predictions
for these reactions are rather unambiguous, The AMY experiment, which by
July, 1988, had logged a sample of data corresponding to a total integrated
luminosity of 19.3 pb~' at center-of-mass energies ranging from 50 to 57 GeV,is
designed to extend the testing of the standard model into the new high energy
region made available by the TRISTAN ete collider.

This thesis reports on an analysis of e*e” annihilation into multi-hadronic
final stales using all the data accumulated by the AMY detector as of July, 1988.
It is organized as follows: i) the first chapter (the current one) is an introduc-
tion where physics involving hadronic events is reviewed and the motivation for
the analysis methods that we adopted are explained; ii) chapter two contains
descriptions of the experimental apparatus and the data sample that was used in
the analysis; iii) chapters three, four, and five present the procedures that were
used for selecting and analyzing events; and iv) chapter six contains a summary
and some conclusions. The author's main responsibility in the implementation
of the experiment was the construction of the charged particle detection system
and the development of the track reconstruction program. Detailed descriptions
of these items are provided in Appendices.
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Figure 1.1: R = ohadron/up-

1.1 Hadronic Events

The subject of this thesis is the experimental study of the annihilation of high
energy electrons and positrons into hadronic final states {ete~ — hadrons).
These processes are generally referred to as multi-hadronic annihilation events
or, in short, hadronic events.

In the Standard Model, at c.m. energies that are well above the resonance
region (associated with the p (770 MeV), w (783 MeV}, ¢ (1020 MeV), ¢
(3.10 GeV), and T (9.46 GeV)), the total cross section for multi-hadronic annihi-
lation has a similar behaviour to that of the QED process e*e” — ptp~, which
is ¢ oc 1/s, where s is the center-of-mass energy squared (Fig. 1.1). Typically,
as can be seen in the example shown in Fig. 1.2, the final-state hadrons in these
events are contained in two highly collimated opposing clusters of particles called
“jets”. Furthermore, it is observed that the axis of these jets follow an angular
distribution of the form,

da
n = (1 + cos® 8}, (1.3)
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Figure 1.3: Schematic diagrams of ete” — hadrons. (&) simple quark-parton
picture; (b) perturbative QCD correclions; (¢} 2° propagator.

Figure 1.2: A typical hadronic event observed by the AMY detector.
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which is characteristic of the pair creation of spin-1/2 pariicles in QED. These

observations are consistent with a picture of the reaction as proceeding via the

production of quark-antiquark pairs {ollowed immediately by the “hadronization”

of the quarks into mesons and baryens that move in nearly the same direction
as the parent quarks: !

ete” — gy, (1.4)

¢, — hadronas. (1.5}

This is schematically shown in Fig.1.3(a).

In this picture, the Feynman diagram for hadron production and ete™ —
utp~ (mu-pair production) are the same, differing only by the difference in the
charges of the quarks. Thus, il is customary to repori measurements in terms of
{he ratio R, which is the total hadronic cross section in units of the lowest order
QED mu-pair cross section at the same energy. In the quark model, R is simply
related to the quark charges @, (in units of proton charge) as

tem +to= — gd
ofete hadrons) ~ ofe'e qq) =3EQ:, (1.6)

R ~r
(et o ptas) olere —ptu)

il

where the summation is carried out over all the quark flavors that can be created
and the factor 3 reflects the threc color degrees of freedom of each quark. With
the five known quark flavars, the quantity R becomes 3-(§2+§2+ %2+§2+§2) =14,
While this simple calculation agrees fairly well with experimental measurements,
the agreement is not exact (see Fig.1.1 and 1.4},

The small observed difference between the measured values of R and the sim-
ple prediction are explained as higher order QCD corrections, corresponding to
the radiation of gluons. The Feynman diagrams for these higher order processes
are shown in Fig. 1.3(b); experimentally they nppear as hadronic events that
conlain three or more jets. An example of an event with three distinct jets is
shown in Fig. 1.5.

An expression for i that includes QCD corrections up 1o second order has
been given in the so-called MS renormalization scheme {“modified minimel sub-
traction” scheme) by Ref. [6] as follows:

R~3YQ% (1+C,3§+C, (9‘5)’) (L.7)

Here, G, =1 and C; = 1.986 0.115n for massless quarks, where ny is the num-
ber of different quark flavors; and as, the “running® strong coupling strength,
is, in second-order QCD,

ag(s) = 12r . (1.8)

= (33 - 2ny) In(s/Adps) + 62550 In(in(a/ Alrs))

Recently, third order QCD corrections have been analytically calculated and
found to be larger than the second order corrections |8]; Cy = 70.985 —1.200n,

O hadron /o QED

R
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4.0
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Figure 1.4: Same as Fig. 1.1, but data in similar energy regions are averaged.

1



Figure 1.5: A three-jet event observed by the AMY detector.
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0.005n3 ~ 0.840( L Q¢)?/3 . Q? = 64.835 for ny = 5, that is, C3/Ca(as/n) ~ 2.3.
This result suggests a possibility that the lower order correctione are accidentally
small, and might even pose a question on the validity of the perturbative caleu-
lations of QCD. However, this resull is very recent and has not been checked by
other groups. In the analysis here, results for both second order and third order
corrections are presented for comparison.

Also, as the energy increases, annihilations via Z° intermediate states (Fig. 1.3
(c)} become more important and are seen as a rise in R at the highest energy
PETRA data (Fig. 1.4). Including all of these effects results in the following
theoretical formula for R (see Ref. [9]):

R = 3Y l%ﬁ(:i -84 (1 +C;Va—: +Cy (?)3) Cyv
a H
+6° (1 +er% yop (%) ) cM] , (1.9)

where the quark velocity 8 reflects the effects of the gnark masses; the explicit
B-dependence of CY, C{* is approximated by (7]

= Az _3tB(x_3
o = 3"[2,3 ' (2 4«)]

CREERE R S E
The effects of Z° intermediate states are included in Cyy and Cyu;
Cvv = Q; — 8Qqgv g% Re(x(s)) + 16(g5* + 94" )a? " Ix(o)", (1.11)
Can = 16(g%” + 93795’ Ix(a)I", (1.12)
x(s) L 2 {1.13)

= 168in? Ow cos? By = M2, +iMzely
Here gv and g, are the vector and axial vector couplings of the fermions that are
given by the standard model in terms of the parameter 0y (electroweak mixing
angle):

gh =Tay —2Qsein?0w, gl=Ty,; forf=eyq (1.14)

where Ta; (= 11) is the third component of the fermion’s weak isospin. And
Mze and T'z0 are the mass and the width of the Z°,

This formula for R contains several parameters that cannot be calculated by
the standard model. These parameters can be determined from measurements of
R and comparisons of the values obtained in this way with those measured from
studies of other processes pose stringent tests on the standard model.

From a theoretical point of view, the QCD scale parameter Agps can be best
determined by R measurements. Other methods for determining Agps necessarily
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involves theoretical ambiguities due to low energy behaviour of QCD (hadroniza-
tion) or rather large renormalization scheme dependence in the perturbative cal-
culations [10]. In contrast, hadronization processes have no effect on R (total
cross section) measurements and since the TRISTAN energy region is far above
flavor production thresholds, the application of perturbation theory for calculat-
ing the QCD corrections in the above formula is expected to be reliable (unless,
of course, a new quark is found in the TRISTAN energy range). The primary
problem for determining Azzz by this method lies in the fact that the QCD con-
tribution to R is only about 5%; the precision to which Ayrgis determined is thus
limited by the systematic errors of R measurements. Systematic normalization
errors usually atiained for R measurements range from 2% to 7% and translate
into at least 25% errors of as, which translates into errors of more than 80% in
Asrs-

For the electroweak theory, in addilion to the fermion and Higgs masses,
there are three independent parameters that must be determined experimentally.
Once they are determined, the theory can provide unambiguous predictions. The
independent parameters can be chosen among many parameters of the theory;
for two of them, we choose the electric charge of the electron, e, (or equivalently
o = €?/4n) and the Fermi constant G since these are very precisely determined
from the low energy experiments. For the remaining free parameter we could
use equivalently the vector boson masses Mys, Mys, or the electroweak mixing
angle sin? fw. We use Mz for the following reasons. The vector boson masses
and sin? Oy are related through the following equations:

sin? fw = 1 — My, /M3, {1.15)
ML= " 1.16
w \/EGF sil‘l:l aw ( )

R measurementis can determine one of those parameters, say Mge; from this, we
can obtain the other ones from these equations. '

The value of sin? fw is currently most precisely obtained from neutrino scat-
tering experimenis, while the vector boson masses, Mw and Mgz, have been
directly measured by production experiments using pp collisione [11,12]. Com-
parisons of the results of these experiments with the relations listed above give
a small inconsistency (i.c., a ~7% difference between the left hand side and the
right hand side of the Eq. 1.16). This apparent inconsistency can be resolved by
introducing radiative corrections for the clectroweak theory [13], which modify
the above relations by & sizable amount. The actual forms of modified relations
and, therefore, the definition of sin? 6w, depend on the renormalization scheme
chosen for the calculation. On the other hand, Mz and Mw, being physically
measurable variables, are safely independent of the schemes. In light of this, care
must be taken when the values of sin? 6y are compared for different analyses.
We adopt Mze as the free parameter to avoid possible confusion.

For our analysis, we use the on-shell renormalization scheme [14], which has
an evident physical interpretation and is also convenient. The independent pa-
rameters in this scheme are the masses of particles and a. sin® 8y is no longer

.15

an independent quantity and is just defined by Eq. 1.15. Taking into account
the radiative correciions applied to muon decay measurements when they are
converted to values for G, we get a modified version of Eq. 1.16,

M’ - T
¥ V2Grsin’ 0y (1 — Ar)

(1.17)

Here Ar represents weak corrections to the muon decay diagram that are not
taken into account in the determination of Gy, (When Gp is extracted from
experiments, it is only correcied for QED radiative effects within the framework
of the Fermi model.} The dominant contribution to Ar comes from sell energy
correction to the W propagator. In terms of Ar and Gp, the relation between
the electrowesk mixing angle and Mze becomes

a2 L[ B ira
sin® By = 2 (1 dl V6 ML (1= A7) ) (1.18)

Thete are two unknown parameters that enter into the celculation of the
radiative correction Ar, the t quark mass, v, and the H® mass, mye; for these we
have no experimental input. As shown in Fig. 1.6, in contrast to weak dependence
of Ar on mys, Ar changes by a considerable amount for verious values of my;
for large m, its sign even changes.

With no theoretical way to fix this ambiguity, the amount of eleciroweak
corrections necessary o explain the existing inconsistency between various mea-
surements has been estimated, and it is found that Ar = 0.077 £ 0.037 fits al!
the available experimental data reasonably well [15]. (See also Ref. [16]. This
result of positive Ar leads to setting an upper limit on the top quark mass of
me < 180 GeV/c? with 90% confidence level.} In our analysis we use Ar = 0.070,
which is consistent with the above analysis and corresponds to m, = 45 GeV/?,
mp = 100 GeV/c?, and Mze = 92 GeV/c? [17]. It shouild be noted from Fig. 1.6
that Ar depends only weakly on the value of Mzs; so it is justified to regard Ar
as & constant for a reasonable range of the value of Mz.

The width of the Z° Tz, is calculated by using the available data to be
2-3 GeV [18] according to the formula in Ref. [19]. Because R in the TRISTAN
{and lower) energy region is not sensitive to the precise value of I'zo, we use
I'ze =2.5 GeV and treat it s a constant.

In summery, the procedure we use to compare the experimental results with
the theoretical predictions is as follows: (1) write the R formula (Eq. 1.9) in
terms of Agz and Mz using Eq. 1.18, i.e., Rineo = f(Agzz, Mze ), (2) correct the
experimenial dats for radiative effects to obiain the experimental value, Reep,
and (3) compare R,., with Riueo to obtain Agz and Mze. Then sin?  can be
calculated from Mz through Eq. 1.18. Since at TRISTAN energies we expect
to see a significant rise in R due to the effects of the Z° intermediate state in
the annihilation process (Fig. 1.4), our experiment is much more sensitive to the
electroweak parameters than the PEP and PETRA experiments. The energy
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Figure 1.6: Dependence of Ar on my, mge, and Mz.. Dashed lines in-
dicate myo-dependence for Mz = 92 GeV/c?, while dotted lines indicate
Mzo-dependence for myo = 100 GeV /<.
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dependence of the QCD terms come in through as, which varies as Ins and,
thus, are expected to be almost constant all over a broad energy range.

Each experiment at PEP and PETRA made an effort to extract as and
sin? fw from their data. However, because of the different analysis methods
used in the different experiments, it is difficult to combine their results for these
parameters. Insiead we proceed by combining all the different measured values
of R and applying a global fit using the formalisim just described.

Such & global fit was, in fact, recenily carried out by CELLO [20]. They
combined the results from CELLO, MARK 1, PLUTO, TASSO, JADE, MAC,
and HRS [21,22,23] to obtain the result,

sin’ Gy = 0.236 £ 0.020, a5 ((34GeV)’) = 0.165 + 0.030, (1.19)

where the quoted errors correspond to x* = x%;, + 1 (39 % confidence level).
It was necessary to adjust some of the published R values (by as much as 2 %)
because of differences in the radiative corrections that were used. When they
included data from energies below the b5 threshold from CESR and DORIS [24],
they got

as ((34GeV)T) = 0.166 £ 0.023  with sin’ Gy fixed at 0.23, (1.20)

demonstrating the validity of the K formula over the quark flavour thresholds.
The CELLC group used a different parametrization for the function x (cf.
Eq. 1.13),

Gr . aM},
B8v2ra a— M3, +iMzeTpe
and explicitly avoided using the weak correction factor Ar by regarding Mze in
x as a constant (92.3GeV/c?), arguing that, for their energies, the values of R
are not strongly dependent on the exact value of Mzs in x. With experimental
precisions on R of 5-10%, this approximation is applicable in the PEP/PETRA
energy region; deviations from the correct formula is less than 1 % even for the
highest PETRA energies. However, this no longer applies at TRISTAN energies,
where the effects of the Z% are larger,

In the analysis reported here we use the method described above, which is
theoretically unambiguous, to extract the parameters of the standard model by
combining the available R measurements with our results.

x(2) = (1.21)

1.2 New Heavy Quarks

As mentioned above, the only missing ingredienis of the Standard Model are
the top quark and the Higgs boson. The ¢ quark will be pair-created in ete”
collisions via the process 1.4, provided that the ¢ mass is less than the beam
energy. Since the Higgs-fermion coupling is expected to be proportional to the
fertmion’s mass, the coupling between t and H® will be large. Thus, when the
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{ quark is found, definitive searches for H® particies produced in decays of i
resonance states (toponium states) can be made [26}.

If {1 is produced through the process 1.4, then it can be readily recognized
as the increase in R by an amount that is nominally AR ~ 3 x Qf = 4/3
(actually, the weak effects and the QCD corrections cause the expected rise to
be 1.5} as indicated by the formula 1.9. Thus, a precise measurement of R will
indicate or exclude the existence of the {1 production. In addition, when the
production threshold is crossed, the (heavy) t quarks will be produced almost
at rest. Since each guark is expected to predominantly decay into three lighter
quarks, the spatial distribution of the final-staic particles in the {1 production
will tend to be isotropic, in contrast to the collimated jet structure observed
for light quark production. This difference in the “event shape” was used to
identify the threshold for b} production and has been used as a signature for
previous i1 searches [27). This method for searching for new heavy quarks hasa
higher sensitivity than that of R mensurements and will be discussed later in this
geclion. It is imporiant to note that this event shape difference, originating from
the gquark kinematics, does not depend much on the (theoretically ambiguous)
details of hadronization process.

The standard model makes no direct prediction for the mass of the i-querk.
However a number of experimental searches have been made and a number of
conclusions about the t quark mass can be made from other experimental facts.
We summarize the current knowledge of the t quark mass as follows:

o m, > 23.3 GeV/c? from the R measurements and the event shape analysis
for e*e collisions at PETRA [27,28,29].

o m, < 180 GeV/c?* with 90% C.L. from the study of the radiative corrections
10 the electroweak processes with updated experimental data (as discussed
in the previous section) [15,16].

e m, > 44 GeV/c* with 95% C.L. from the study of the events with an
jsclated, high transverse momentum lepton, together with two or more
jets, in pp collisions, observed by the UA1 group at CERN {30].

» m, < mw from the ratio of W(— ev) and Z(— ete”) events produced in
pp collisions at CERN [31].

m, > 50 GeV /c* from the efforts to incorporate the recently observed BB
mixing [32] in the standard model [33].

From all of the above information combined, we may conclude 50 GeV/e* <
m, < mw, giving TRISTAN, which has a maximum center-of-mass energy of
66 GeV, no hope of pair-producing 1 quarks. There are, however, a number of
caveais o the above mass limits, including:

o The mass limit obtained from the BB mixing should be relaxed as low as
35 GeV/c? at the 1o level if the theoretical ambiguities are correctly taken

into account [34].

19

e The lower mass limit given by UA1 relics on theoretical calculations for
production processes, which may not be very reliable. In addition, the
experimental limits are less restrictive in the lower mass range (my ~
25 GeV/c?) [35].

Moreover, all the above arguments regarding ¢ mass limits are made in the
context of the Standard Model, which ie not generally regarded as a complete
theory. With new assumptions beyond the Standard Model, for example the exis-
tence of & massive charged scalar [36] or inclusion of more gencrations {37), these
mass limits are relaxed considerably. New physics assumptions often predict new
sets of particles which might be found in the TRISTAN energies in addilion to
the top quarks. On the other hand, attempts to modify the standard model to
exclude {-quarks {38] have failed experimental tests (39].

In addition to the i-quark, another generation of guarks and lepions {the

fourth gencration) can exist within the framework of the Standard Model. In
Fig. 1.7 we show the pattern of the known fermion masses. In the absence of a
definite theoretical prediction for the masses of fourth new generation quarks, this
figure may give an indication of what they might be. From the figure it is clear
t.ha.l a fourth generation charge —1/3e quark, the so-called b' quark, might well
lie in the TRISTAN energy region. The signatures for the 5’ quark production
are expected to be similar to those of the t quark production, namely, an increase
in R and an isotropic distribution of final-state particles {40}. (It was pointed out
by Ref. [41] that the b’ quark decay may be dominated by flavor changing neutral
currente. In the analysis here, we do not consider such possibility.) However,
because it has & smaller electric charge, the b’ quark will have a production rate
that is lower, we expect AR ~ 3 x Q} = 1/3 (~ 0.5 with the weak effects and
the QCD corrections). '
. The observation of an anomalous excess of low thrust hadronic events with
isolated muons, reported by two PETRA experiments (MarkJ and JADE) for
their highest center-of-mass energies (46.30-46.78 GeV) [42,43), has been inter-
preted as a possible indication of the production of the ¥’ quarks {44]. However
the other experiments at PETRA did not observe such an excess [45]. In uddition,
.nlthough we expect a similar excess for events with electrons for ¥ production:
it was not observed. These observations make the interpretation of these cvents
as the ¥ production rather difficult, However, if these effects are an indication
of the opening of a threshold for some new phenomenon, the AMY experiment,
operating at higher energies, should be able to identify it cleatly through the
study on the hadronic events.

Eventi Shape Analysis Method

Several variables have been used to quantify the event shape; for the analysis
reported here we use the quantities thrust and acoplanarity. It has been ar-
gueq !,hat since these variables are lincar in the particle momenta, they are less
sensilive lo the uncertainty about quark masses and, thus, theoretically prefer-



Generation Number

6.0

50

4.0

3.0

2.0

T ||T!|ll| LILIRLLELL T IIIII'I'I| T T TTITIT T 'llllllll T r]l'l"l LA

1.0

09 u,d i
0.8 | - .
0!? | | llll!ll i1 IIlIl][ 11 IIIlI]! 1 Illll]lI 1 1 ll.ll]ll. 1.t lIlllIl L1 LiaLeL
1074 1073 1072 107! 109 10! 10% 109

Fermion Mass (GeV/c?)

Figure 1.7: Generalion number vs fermion masses.

20

21

able. The parameter thrust was first discussed by Farhi (ref. [46]); the related
parameter acoplanarity was first used by DeRujula (ref. {47]).
The thrust (T} is defined as follows:

- Ej|Pj't|
=1 T;lp;l

and the thrust axis is the vector t for which maximum is attained. The allowed
tange is 0.5 < T <« 1.0 where T = 1 corresponds to perfect back-to-back jets
and T = 0.5 to perfectly isotropic events. Thus, {f production will be recognized
as an excess of low thrust events, while light quark production tends to give
high thrust values. This is exhibited in Fig. 1.8, where thrust distributions for
hadronic events with and without ## production, simulated by a Monte Carlo
program, are compared. {We describe the sysiem for event simulation in chapter
2

However, as mentioned above, the radiation of gluons by quarks creates evenis
with three or more jets, which can result in events with low thrust values that
may be confused with i produciion. Momenturn conservation assures that three
jet events, which are expected to occupy a considerable fraction ~ ({as) of the
hadronic events, have a planar or pancake-like shape. Thus, by discriminating
planar events from spherical ones, we can further improve the signal/background
ratio for #1 production, We utilize the event shape variable called acoplanarity
A to distinguish planar from spherical event shapes. It is defined as folloivs.

In the plane perpendicular to the thrust axis t, major and minor moments
and their axes, n and m (fn| = 1,|m| = 1}, are defined as:

(1.22)

Z;lpi-n

Major = max =2~ 1.23
1 = TS e 123
- Zilpi-m|
Minor = =222 1.24
Zilpsl (1.24)
wherem-t =0and m-n=0,
The acoplanarity A is given by

. (2ilps ll)3 Y
A=4min|=Z2""—| =4 Minor 1.25
=1 ( Z;Ipsl ( i (1:25)

where 0 < A < 1. Because planar evenis and two jet events correspond to
low acoplanarity, spherical # events can he distinguished by their high value of
acoplanarity (Fig. 1.9).

Here, because of the limited acceptance of the detector, the allowed ranges
of the values of T and A are actually limited. For a detector with acceptance
[cos 8| < cos @, the ranges,

(m — 20©) +8in 20

g~ <T<10 (1.26)
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Figure 1.8: Thrust distributions for hadronic ¢vents with and without #Z produc-

tion. (MC simulation by Lund 6.3.}
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and

0.0 < A <cos’© (127

are allowed. For the AMY experiment which has cos © ~ 0.8, These correspond
to

0.56 < T <10 and 00< A <(.64. (1.28)

Thus, by counting number of events with, for example, 4 > 0.36, our Monte
Carlo simulations indicate that we can expect Lo see more than ten limes as
many events with tf production as without #i production. This method has a
much higher sensitivity to 1 production than that of R measurements, where
only about a 30% excess is expecled.
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Chapter 2

The AMY Experiment

The accelerator, detector, and the software tools used for the analysis presented
here are described in this chapter.

2.1 The TRISTAN ete™ Collider

TRISTAN [1] (Transposable Ring Intersecting $Torage Accelerator in Nippon,
ot informally known as the TRIal of the STANdard Meodel) is the name of the new
e*e colliding beam complex at KEK (Kou Enerugii Butsuri-gaku Kenkyuu-jyo,
or National Laboratory for High Energy Physics) in Tsukuba City, Japan (See
Fig. 2.1.). .

TRISTAN consists of four serially connected accelerator systems: the positron
generator system, the electron linear accelerator (LINAC), the accumaulation ring
(AR), and the main ring (MR},

Positrons, generated by bombarding 200 MeV electrons onto a Tantalum
target, are transferred into the LINAC. The LIN AC is 400m long and accelerates
electrons and positrons to 2.5 GeV, from which they are fed into the AR. After
the accumulation of a sufficient number of particles, (beam currents of ~10mA)
in its 377m circumference, the AR accelerates the eleciron or positron beams up
to 8.0 GeV and injects them into the MR.

The 3km circumference MR consists of four straight sections (each 200m long)
and four arc sections (each 550m long). Electrons {positrons), grouped in two
bunches each of length of & few cm, are circulated clockwise (counter-clockwise} in
the MR. The electron and positron bunches are arranged to meet at the center of
each straight section, the collision points, where their transverse dimensions are
compressed by focusing magnets. Surrounding the collision points are detector
systems for studying the products of the collisions. With a total RF power of
25 MW, the MR can accelerate and store beams up to energies of ~ 30 GeV,
providing ete” collisions with a center-of-mass energy of 60 GeV. The energy
spread of the beam in the MR is relatively large, o5/ E = 1.64 x 107* (r.m.s.},
i.¢., ~50MeV for 30GeV beams; this is due to the relatively smali bending radius
of the MR arcs.

The first electron-positron collisions occurred in November, 1986, at the
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center-of-mass energy of 50 GeV. The physics research program started with an
initial test run in January and February, 1987, and has subsequentiy continued
with the beam energies increasing to 57 GeV by the summer of 1988.

The target luminosity of TRISTAN, ~ 1 x 10* cm ?sec™?, has been achieved,
end currently operation with this luminosity is being pursued. The daily in-
tegrated luminosity has been increasing continuously to the point where it has
exceeded 300nb~!/collision point/day (Fig. 2.16).

2.2 The AMY Detector

The AMY detector (Fig.2.2) [3], located at the OHO experimental hall of TRIS-
TAN, is a general- purpose detector with special emphasis on lepton identification.
A superconducting solenoidal coil provides a 3 tesla magnetic field that is coaxial
with the beam and extends to a radius of 1.2 meters. This high magnetic field
provides for good charged particle momentum resolution (as good as or better
than that of larger, more conventional detectors) in a rather compact system. In
the following, a brief description of the AMY detector is given, with an emphasis
on the “barrel” part of the detector, i.c., the Ceniral Drift Chamber (CDC) and
the Shower Counter (SHC), data from which comprise the basis of the analysis
presented in this thesis. A more detailed description of the CDC and its as-
sociated software, the area of the detector in which the author was primarily
engaged, is provided in Appendices.

2.2.1 The Central Drift Chamber and the Inner Tracking
Chamber

Charged particle trajectories are measured in two devices, the Inner Tracking
Chamber {ITC) and the Central Drift Chamber (CDC). In emerging from the
vacuum system of the storage ring, charged particles pass through an amount of
material corresponding to a thickness of only 1.7% radiation length before they
are measured in these devices.

The ITC (Fig. 2.3} consists of four layers of drift tubes (aluminized plastic
tubes with 16um diameter anode wires stretched along their axes) each approx-
imately 6mm in diameter, which provide position measurements of trajectory
coordinates in the plane perpendicular to the beam direction (the r — ¢ plane)
with a spatial resolution of & ~ 80um. The gas in the ITC {(50% Ar, 50% C,Hq)
is pressurized to 1.48kg/cm? to help improve good spatial resolution. The ITC
extends from a radius of 12.2cm to 14.2cm and its fiducial length along the beam
direction (the z axis) is 55cm. Its robust drift tube structure was particularly
useful during the initial test run periods, where, under severe background condi-
tions, it provided a fast rejection of background events at the trigger level,

The CDC (Fig. 2.4), located just outside the ITC, has 40 cylinders of wires
extending out to a radius of 65 cm. Twenty five of the cylinders (containing
5616 individual drift cells, each approximately 6 mm in diameter) have wires
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parallel to the beam direction (the g-axis) for measuring the r — ¢ coordinates
of trajectory points; the other 15 cylinders {containing 3432 cellg) have wires
at a small angle (typically 5°) relative to the beam direction to provide small
angie sterco measurements of z-coordinates. The CDC ie filled with HRS gas
(Ar 88%,CO;3 10%, CH, 1%) at atmospheric pressure.

The chamber configuration consists of six cylindrical bands of different lengths.
This band structure is designed to provide local determinations of track veclors
(position and direction), in order to provide quick estimates of multiplicity and
momenta of the charged particles for triggering the data-scquisition system, and
also to [acilitate fast, efficient, and precise measurement of the tracks in the
complicated events with high multiplicity. The hexagonal shape of the cells, in
addition to realizing the high granularity and quick resolution of the left/right
ambiguities, is instrumental in achieving a good spatial resolution in the presence
of the high 3 tesla magnetic field, where the Lorentz angle can be as large as 80°.

A procedure of calibration of the detector and the method of reconsiructing
charged tracks are described in Appendices.

The current spatial resolution of the CDC is ¢ ~ 170 pm, resulting in 2
momentum resolution of Apy/pe ~ 0.7% pe(GeV [c) for tracks with | cos 8] < 0.87.
This was eslimated from Bhabha scattering events (e¥e” — ¢* e )

2.2.2 The Shower Counter

Radially outside of the CDC is the Shower Counter {SHC) [48], used for detecting
and measuring electromagnetically showering particles. The SHC is made of six
azimuthally separated detectors, each called a sextant. Each sextant consists of
twenty layers of lead sheets and gas proportionsl tube planes made of resisiive
plastic (Fige. 2.5). The proportional tubes are filled with gas at atmospheric
pressure (HRS gas for the 55 GeV data run and a Ar 48.3% + C,Hq 49.3% +
C:HsOH 1.5% composite for the other encrgies). The device fully covers the
angular region |cosf| < 0.73 with a thickness of 14.5/sin8 radiation lengths.
Signals from the SHC are read out both from the anode wires and from the
orthogonal cathode strips. They are measured and digitired by FASTBUS ADC
modules. The pedestal level of each channel is checked three times a day during
the data-taking and is automatically subtracted by the ADC modules.

Twenty-four monitor tubes with embedded radioactive ¥ Fe sources are al-
tached to the SHC and their data are used to correct the SHC signals for the
variation of gas gains due to fluctuations of pressure, temperature, and gas com-
position. Other detector corrections such as the correction for dead/noisy chan-
nels, the correction for different high voltage values used for part of the detector,
and the subtraction of the cross-talk signals, are also carried out in the offline
analysis.

The cathode strips provide measurements of Lthe shower location with & pre-
cision of 3 mm (~ 4 mrad in angle), reducing the misidentification of pions as
electrons due to the accidental overlapping of y-rays with charged tracks. The
method we utilized for reconstructing clusters of shower energies in the cathode
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strips and thus determining energies and positions of the showering particles is
detailed in Ref. [49]. The clectron identification efficiency in the multi-hadrenic
events is estimated to be 70-87%, depending on whether it is in the jet or iso-
lated, for an electron with energy larger than 2.5 GeV; the pion rejection factor
is approximately 100 [49]. The energy resolution of the SHC has been deter-
mined using the reactions, ete” — ete”, ete” — 77, ete” — ete”y, and

ete” — ete"ete, and is found to be og/E ~ 23%/,/E(GeV) + 6%.

2.2.3 The Superconducting Magnet

The three-tesla magnetic field is produced by an eight-layer coil, made of a Nb/Ti
superconducting cable that has both Cu and Al included for stabilization, that
is embedded in a hexagonal iron return yoke |50]. This is an essential component
of the AMY detector, for it is the strong magnetic field that allowed us to keep
the size of the detector small and still achieve good momentum resolution. In
addition, the strong field provides the means for electron identification by tagging
synchrotron Xrays that they radiate while bending in the 3-tesla field. Because
all of the detection devices, with the exception of the muon identification system,
are inside the coil, no efforts for minimizing the coil thickness were necessary and
a conventional method for cooling the coil was adopted; the whole volume of the
coil is placed in 2 liquid helium bath that is kept at 4.2K. A 5000-ampere electric
current provides the 3 Tesla field; the stored energy is 40 mega-joules.

We measured the magnetic field along the beam line with all the detecior
components in place and compared the result with a calculation done using the
computer programn POISSON [51). They agree within an error of +0.3% after
proper normalization (Fig. 2.6). The field strength inside the detector is then
estimated by POISSON, which is expected to give an error of less than 0.4%
inside the iracking devices.

There is sizable non-uniformity in the field strength. Figs. 2.7 (a) and (b)
show magnitude of its deviation from the central value. The variation inside the
volume of the tracking devices ranges from. +5% to —18%, which might seem to
make precise tracking rather difficult. However, as described in the appendices,
by making careful corrections, we have achieved high resolution measurements
of the trajectories of charged particles.

2.2.4 The Muon Identification System

Located outside of the SHC is the 3 tesla magnet and its iron return yoke. The
matenial in these items together with that of the SHC amounts to }.3 kg/cm?, (the
equivalent of 1.6 m of iron), which corresponds 1o about nine absorption lengths
for strongly interacting particles. Thus, any charged particle that peneirates
this material is very likely Lo be a muon. Parlicles penetrating this material
(the “hadron filter”) are detected by the muon identification system (MUO),
consisting of four layers of drift chambers and one layer of plastic scintillator,
situated outside of the iron return yoke and covering the angular region | cos 8| <
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0.74. The chambers (Fig. 2.8) have 2 5 cm x 10 cm cross-section with lengths
ranging from 2.9 0 6.5 m and provide spatial resolution of roughly 1 mm. The
combined system has a track segment reconstruction efficiency that is more than
98%. Scintillation counters, located just outside the drift chambers, measure the
time of penetrating particles relative to the beam crossing time with a precision
of ~3 ns, providing discrimination against backgrounds from cosmic rays that
are randomly distributed in time. Muons are identified as those particles whose
trajectory, when extrapolated through the material of the hadron filter, pass
within 1 m in space and 50 ns in time of a track segment as measured in the muon
identification system. We estimate the probability for a 5 GeV /c (10 GeV fc) m-
meson to penetrate the hadron filter and be mis-identified as a muon to be 0.2%
(0.5%). An advantage of the compactnesa of AMY detector is that fake muon
backgrounds due to the decay-in-flight of pions and knons are minimized; it occurs
al the level of ~ 1.3%/p(GeV /c) for pions and = 6%, p(GeV /c) for kaons. With
the current scheme of muon identification, the muon identification efficiency is
about 96% for p > 3.0 GeV/c (82% for p > 2.0 GeV/c), and the background
contamination for the muons in the multi-hadronic events is estimated to be less
than 35%.

2.2.5 The Endcap Detectors

The CDC provides good momentum resolution over the angular region | cos 8] <
0.87; the SHC and the muon system covers leos#] < 0.73. Particles that are
produced at smaller angles, in the region of the pole tips of the magnet’s iron
relurn fux, are detected in the Pole Tip Counter (PTC), which covers the region
14.6° < 8 < 26.6° and the Forward Tagging counters (FTC), covering 26° < 8 <
38°,

The PTC [52) consists of two modules of lead /scintiliator calorimeters with a
lotal thickness of 14 radiation lengths with & plane of proportional tubes sand-
wiched between them. It measures the energies and positions of electrons and
photons and the positions of charged particles. Its primary function is the deter-
mination of the luminosity by detecting Bhabha scattering events. The energy
resolution for 28 GeV /c electrons (i.e., Bhabha electrons) is 11%. The position
resolution is about 0.2° and 0.8° for 8 and ¢ directions, respectively.

The Forward Tagging Counter (FTC) consists of two layers of lead and scin-
tillators {1 em + 1 cm thickness for each layer) and signals the presence of show-
ering particles (either elecirons or 4—Tays) that are emitied between the SHC
and PTC. The CDC tracks entering in this region are thus identified as electrons
or minimum jonizing particles by comparing their energy measurements. The
energy resolution for 28 GeV /¢ electrons is roughly 30%.

In addition, there are counters in the forward region {# ~ 4.0°) to measure
instanianeous luminosity and to monitor beam-related background radiation lev-
els.
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2.2.6 The X-Ray Detector and the Trigger Counters

In the early stages of the operation of the experiment, twelve scintillation coun-
ters were placed in the space between the CDC and SHC for triggering and for
discriminating background events. These were replaced by the X-Ray Detector
(XRD) in summer, 1987. The purpose of the XRD, which is a drift chamber
filled with Xenon gas, is io detect the synchrotron X-rays radiated by elecirons
as they bend in the 3 Tesla magnetic field. This will be used in conjunction with
the SHC to provide high quality electron identification. No data from XRD is
yet available for the analysis reported here.

2.2.7 Data Acquisition System

The data acquisition system for the detector is schematically illustrated in Fig.2.9.

The frequency of beam crossings at TRISTAN is 200 kHz and the maximum
data acquisition rate is 3 Hz. Thus, at the time of each beam crossing, a decision
must be made within 5 psecs as to whether or not an event of possible interest has
occurred. If the decision is yes, the data acquisition system is triggered. The trig-
ger logic system must select interesting events with very nearly 100% efficiency
while rejecling uninteresting crossings at the level of 100,000 to 1. The first
quick decision for triggering the data acquisition system is made in < 1.5 psecs,
well within 5 usecs, and then more elaborate judgement follows. In order to be
sensitive Lo as many % e~ processes as possible, the trigger requirements for the
detector are kept as loose as possible, consistent wilth the maximum possible 3
Hz. As a result, we typically accumulate approximately 5,000 evenis/hour, of
which only one or two are actual multi-hadronic annihilations.

A compuler-conirolled FASTBUS system is utilized to read and digitize ana-
log signals from the SHC, PTC, FTC, and ITC, and timing signals from the
CDC, ITC, and MUO. Triggers, chamber high voltage control, and environmen-
tal monitors are all controlled and monitored by means of a CAMAC system.
All the digitized data are read in by a VAX-11/780 computer, where they are
temporarily stored. Here, various checks are made to monitor operation of the
entire detector system. The data are then sent via an opiical link to a FACOM
M3282 computer, where the data format is immediately rearranged for the con-
venience ol later analyses. The data are stored in a cassette-lape library; from
there it is accessed for subsequent detailed offline analysis.

2.3 Monte Carlo Simulation

The complexity of our detector and the large variely of final states produced in
ete~ annihilation processes precludes the possibility of using a simple analytic
formula for computing the detector’s acceptance with any precision. Instead, we
use Monte Carlo (MC) simulation methods 1o estimate the detection efficiency
and the response of our detector to multi-hadron events and various background
processes. There are two stages in the MC simulation of physical processes:
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Figure 2.9: Schematic diagram of the AMY data acquisition system.
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1. the event generation stage; here an “event” is generated, i.e., species and
four-momenta of the finat state particles from a particular type of ete”
process are produced by MC methods that are based on theoretical models;

2. the detector simulation stage; here we simulate responses of our detector
to the particles generated in the first stage, formatting the results in the
same way as is done for the actual experimental data so that they can be
analyzed by the same data analysis programs.

We will describe, in the following, how these two stages are treated for the
analysis presented here.

2.3.1 Event Generation

Discussed below, according to the types of physical processes, are the theoretical
ideas and calculations used to generate events of interest. Compuler programs

that are actually used for event generation are briefly explained and possible
sources of ambiguities are pointed out.

Hadronic Event

In general, a hadronic event generator creates a quark-antiguark pair from the
e*e~ annihilation according to the standard clectroweak theory.

The quark and/or the anliquark may, then, radiate gluons, and the radiated
gluons may radiate another gluons or convert into another quark-antiquark pair.
There are essentially iwo methods to formulate this consecutive development of
quarks and gluons (partons).

One is the matrix element method, where the cross sections are calculated
up to a cerlain order of ag using perturbative QUD, and events are generated
according to the calculated cross sections. This method has a drawback that
calenlations up to many orders of as have to be carried out in order to simulate
events with many partons in the final state, i.c., events with many jets of hadrons,
The event generators we use in our analysis include calculations up to O(a}),
corresponding to events with four or less partons in the final states.

The parton shower method, on the other hand, generates showers of quarks
and gluons through a cascade-like process. In this method, each parton branches
into two partons (g — ¢4, ¢ — g4, ¢ — 9§ with a calculated probability, resulting
in the development of showers of partons, this is continued until the virtuaj mass
of each parton reaches a certain cut-off mass (~ 1 GeV/c?). The branching
probabilities of partons are calculated in the leading logarithm approximation
{LLA) of perturbative QCD), as given by the Altarelli-Parisi equations [53]. It has
been proved that the perturbative parton development by LLA is equivalent to a
product of Lhe probabilities for individual branchings (54]. Although this method
minimizes the ambiguous “hadronization” part by cascading down to about 1
GeV/c?, it is based on approximate calculations only and is not applicable for
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large-p. parton emission processes. A parton shower calculation based on “next-
to-leading logarithm” approximation (NLL}, where the next leading terms are
also summed up through all orders of as, is becoming available [55). Although it
has not yet been demonstrated that the formulation of NLL in the parton shower
method really gives a correct approximation for QCD cross sections, the NLL
approximation is believed to be good even for large-p, parton emissions and the
QCD parameter Ags can be defined in a definite manner.

Since what we actually observe in the detector are hadrons, not parions, the
quarks and gluons generated by the Monte Carlo must be turned into hadrons.
This transition process from quarks and gluons to hadrons, the so-called quark
fragmentation process, involves non-perturbative aspects of QCD, for which we
musi use some phenomenological models.

There are essentially three different types of fragmentation models: indepen-
dent fragmentation (IF), string fragmentation (SF), and cluster fragmentation
(CF).

The IF model [57] lets cach parton independently fragment into hadrons. A
quark ¢ is split into a hadron ¢g, and a remainder-quark ¢, moving essentially in
the same direction. The sharing of energy is given by a probability function f(z),
called a fragmentation function, where z is the fraction of the original quark’s
energy that is taken by the hadron. The remainder-quark g, is then split into
2 hadron ¢:§; and a quark gz in a similar manner, and this process is iterated,
yielding a sequence of hadrons. This model failed to reproduce the correlations
between particles in different jets, the so-called string effects, that were observed
in three-jet events by the PETRA/PEP experiments [56].

In the SF model [58], a “string” is stretched betweena quark and an antiquark
with a constant force. A gluon is realized as a kink carrying four-momentum on
the string. A siring breaks into two strings as the quark and the antiquark
move apart. The break points thus created are associated with new quarks and
antiquarks. This string breaking continues to occur and mesons are formed from
resulting “short” strings. The string effects mentioned above were first predicted
by this model.

The CF model [59] emerged as the parton shower method was developed. It
combines quarks and antiquarks into disjoint color singlet systems, called “clus-
ters”, after the parton branching stage. Usually gluons are forced to break up
into & quark-antiquark pair befor¢hand. The clusters are then allowed to decay
into (usually two) hadrons that are emitted isotropically in the rest frames of
the clusters. Here the soft gluon interference is incorporated using the so-called
“angular ordering” technique, this model can also reproduce the string effects,

These models are incorporated into Monte Carlo computer programs that
generate hadronic events; these are used for evaluating the detector's acceplance
for hadronic evenis. The accuracy of this procedure is checked by comparing
various physical quantities in generated events with those measured in real events.
Even so, different models that reproduce the general properties of the real data
well may possibly give different values for the acceptance. This is probably due
to the possible uncertainties in the event generation schemes {matrix element or
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parton shower) and the existing ambiguities in the {ragmentation models. Thus,
there is a systematic error associated with the evaluation of the accepiance; an
analysis of this is given in the next chapter.

We use the Lund MC program (Jetset version 6.3) [60), or Lund 6.3 for short,
with the parton shower scheme and the SF model as our standard MC generator
of hadronic events. The default values are used for the phenomenclogical pa-
rameters in the code. The generated events describes the particle distributions
(Figs. 2.10) and the global distributions reasonably well. (See Fig. 3.2 in the
next chapter.)

This program also has options to use the matrix element scheme and/or the
IF model. In addition, we used comparisons to resulis obtained using the Lund
6.2 program |60} and the EPOCS program 161] to estimate systematic errors in
the acceptance calculations. These can be used with either the matrix element
or parton shower approach, and fragmentation can be done with either the IF or
the SF model.

We also use these programs to estimate the acceptance for t quark events.
Although ¢ quarks have never been observed, the properties of those events are
predicted rather unambiguously {chapter 1). In the generator programs, the pro-
duced ¢i are turned into a top meson pair, and the { quark (inside of the meson)
decays into a & quark together with lighter quarks or leptons, with kinematics
that are determined according to the standard clectroweak theory. The fragmen-
tation of the quarks and the decays of mesons follow the same procedures as are
used in the light quark events. Although the genersl event shape of the f quark
events are determined primarily by the kinematics of the weak decay of the t
quarks, there is non-negligible model dependence; this will be discussed in the
next chapter. .

EPOCS, to which we added some modifications in order to generate b’ events,
is used to estimate the acceptance for the ¥’ production events. Here the ¥’ quark
is assumed to be lLighter than the ¢ quark and thus is made to decay into the ¢
quarks with lighter quarks or leptons, in a very gimilar manner io that used to
generate 1 quark events. (See the comment in Chapter 1 concerning the possible
dominant 5 decay through flavor changing neutral currents (41].)

Electroweak radiative corrections are accommodated in these MC hadronic
event generators up to the order of o® using methods developed by F.A. Berends,
R. Kleiss, and S. Jadach (BKJ) [62). In the BKJ calculations, the correction fac-
tor for radiative effects, (1+ &), is obtained from the set of the Feynman diagrams
shown in Fig. 2.11. These diagrams, however, do not compose a complete set of
order of a® electroweak corrections. The diagrams omitted involve virtual weak
boson propagators or corrections to quark veriex as indicated in Fig. 2.12. The
BK1J calculations, though incomplete, have been widely used by many PEP and
PETRA experiments.
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J. Fujimoto, K. Kato, and Y. Shimizu (FKS) calculated the full electroweak
radiative corrections up to the order of a®, including all the diagrams shown in
Figs. 2.11 and 2.12, using the on-shell renormalizaiion scheme (chapter 1) [63].
Their calculations were formulated with a numerical integration package, BASES
|68], that we use to evaluate the effects of the diagrams omitted in the event
generators. The omitted contributions are all virtual and small and, thus, their
effect on the detector’s acceptance (€) is negligible. On the other hand, their
effect on the correction factor (1 + §) can be sizable. The radiative correclions
oblained by the FKS calculations are found to be about 0.9% larger than those
obtained by the BKJ calculations at /s = 57 GeV, and about 3% larger at /s =
60 GeV (Fig. 2.13). We also confirm that the FKS calculations come to agree
with those of BKJ within 0.2% if we confine ourselves to only those corrections
used by BKJ. For the calculations, we use Mz = 92.0 GeV /c?, I'ze = 2.5 GeV,
my = 45.0 GeV/c?, and my = 100 GeV /c?. In terms of the formalism introduced
in Chapter 1, these values correspond to Ar = 0.070, My — 80.79 GeV /c?, and
sin® f = 0.229 {17]. The value of (1 + &) is insensitive to these parameters.

Two-Photon Hadronic Event

The two-photon hadronic process [64], e*e~ — ete™ +hadrons, is one of the main
background sources in the hadronic event sample. Because it is impossible fo
completely separate these events from hadronic evenis, we estimate the fraction
of the background contamination by using MC generated two-photon events and
subtract it statistically.

This process is well described by the quark parton model prediction (QPM)
plus the vector dominance model prediction {VDM) [65] provided that the VDM
prediction is properly normalized [66]. The relevant Feynmann diagrams for
the QPM calculations of this process are shown in Fig. 2.14; here the dominant
contributions come from the diagrams that have collisions belween two virtual
photons (therefore the name “two-photon® hadronic events). Although this pro-
cess is of order of a*, the cross section is large because one of the virtual photons
is usually almost on shell. The hard component of the two-photon process is
described by the QPM,

The VDM process is shown in Fig. 2.15, where hadronic components of the
virtual photons, i.e., virtual vector mesons, collide each other. The cross section
is evaluated with an equivalent photon approximation [67], which has some ambi-
guity in the normalization, We estimate a systematic error due to this ambiguity
by comparing to our experimental data. The VDM process corresponds to a soft
component of the two-photon process.

In addition, the contributions of multi-jet production processes in two-photon
collisions (MJP}, motivated by the small discrepancy observed by the PLUT(Q
collaboration [69], have been recently calculated [70].

To estimate the background in our hadronic event sample, we sum up these
three different components, using s computer code, written by J. Smith [71},
that generates events of the VDM and the MJP types. The programs BASES

: ey M5 :

Figure 2.11: The Feynman diagrams used for the BIKJ radiative correclions.
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Figure 2.12: T

he Feynman diagrams omitted fur the BK] radialive corrections.
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and SPRING [68] are used to generate events according to the differential cross

section of the QPM component f64].

Tau-Lepton Pair Creation

The process e*e~ — 7#7~ is another possible background source, since +’s pre-
dominantly decay into final states coniaining hadrons. The background is not
too severe since the charged particle multiplicity in v decays is usually quite low
(< 5).

The differential cross section for this process is reliably calculated by the
standard electroweak theory. EPOCS is used to generate the events and the
experimentally known branching ratios for the r decays are used.

2.3.2 Detector Simulation

Our detector simulation program simulates the interactions and decays of the
particles thal are generated by the event generator and models detector signals
according to our best knowledge of the detector system. In the detector sim-
ulator, each particle is “swum” through the detector in small steps. At each
step, the particle is allowed to decay or undergo an interaction according to the
known probabilities, by means of MC techniques. A charged particle loses its
energy through ionization processes in material, and may change its direction by
the multiple Coulomb scattering. Its trajectory is bent as it moves under the
influence of the magnetic field, and electrons can emit bremsstrahlung photons.
Photon may convert into an ete~ pair in material, while hadronic particles may
undergo nuclear interactions, All these probabilistic processes are included in
the calculation.

Electromagnetic showers initiated by photons and electrons inside dense ma-
terial (e.g. the SHC or the PTC) are developed by the simulation program
EGS4 [72]. Hadrons may cause hadron showers inside the iron yoke, which are
treated by the program package GRANT I73}.

Inside the CDC, as a charged particle passes through one of the wire cells, the
closest distance of the particle to the sense wire js determined and converted into
a drift time by using the nominal drift velocity of the jonization electrons. Here
the drift distance is smeared by the known spatial resolution of the chamber. If
more than one charged particles pass through the same cell, only the shortest
drift time is recorded.

We have a choice of two different smearing methods. The first (and simplest)
one assumes a Gaussian distribution for the spatial resolution, and the resolution
is taken as a constant throughout the chamber. For the second method we add a
long tail to the Gaussian resolution distribution and different spatial resolutions
are used for different positions in the cell. The chamber efficiencies, which are
assumed Lo vary from layer to layer, are also taken into account. The parameters
of the simulator are tuned according to the real data.
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Figure 2.14: Feynman diagrams for the QPM calculations of two-photon hadronic
events,
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Inside the SHC, the EGS4 code is used to develop eleciromagnetic showers
and to calculate deposited energies. These energies are converted into ADC
counts for the corresponding cathode strips and anode wires according to the
calibration data of the SHC.

All the detector signals thus obtained are formatted in the same way as the
real data, and are subjected to the same analysis programs that analyze the real
data.

2.4 Data Sample

The data sample we use for the analysis here were accumulated between May,
1987 and July, 1988, corresponding to all of the physics data taken by summer,
1988. As shown in Fig. 2.16, the 50 GeV data were taken in May, 1987; the 52
GeV data in June and July, 1987; the 58 GeV data in October - December, 1987;
the 56 GeV dats in January - March, 1988; the 56.5 and 57 GeV data in June
and July, 1988.

The integrated luminosities for individual energy poinis are {errors are sla-
tistical only) 0.64 & 0.02 pb~! for 50 GeV, 3.98 -+ 0.04 pb~? for 52 GeV, 3.27 &
0.04 pb~? for 55 GeV, 5.99 & 0.05 pb~* for 56 GeV, 0.99 + 0.02 pb~' for 56.5
GeV, and 4.40 + 0.05 pb~? for 57 GeV; amounting to 19.3 pb™" in total.
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Chapter 3

Total Hadronic Cross Section

In order to determine the totel cross gection for multi-hadronic annihilation,
we must ensure that the detector is triggered efficiently by such events, that
the Juminosity is monitored accurately, and that events are selected cfficiently.
In addition, corrections for acceptance, background, and higher-order radiative
effects must be estimated. In this chapter, procedures and results for the total
cross section measurement are described.

3.1 Triggers

We used several different types of triggers to detect hadronic events. They are:
(1) shower energy triggers formed from energy measurements in the SHC; (2)
iriggers based on the numbers of charged track segments in the different bands
of the CDC; (3) triggers based on track configuartions in the ITC; and (4) various
combinations of the SHC energy and the CDC and ITC tracks. Among these
triggers, types (1), (2), and {3) are completely independent of each other. The
trigger requirements for these three trigger types are, respectively:

s SHC energy trigger

— total SHC energy is greater than (approximately)} 3 GeV.

— number of SHC towers with deposited energy greater than 1.5 GeV is
two or more.

s CDC track trigger

— five or more CDC track candidates.
o ITC track trigger

— Six or more tracks in the ITC.

After the final selection of hadronic events (the selection procedure is de-
scribed in section 3.3), we cross-checked the trigger efficiencies for hadronic events
by comparing the yields for the different independent trigger types. ‘The upper
limits for the inefficiencies so obtained, summarized in Table 3.1, are all less than
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5(GeV) 50, 52 55 56 56.5, 57
. SHC 163 +1.2 | 603125 [2343416] 20616
CDC 438 + 0.86 | 2.72+ 0.85 | 3.44 £ 0.68 | 2.28 + 0.60
ITC q25+19 | 313+24 1§ 312417 [ 288418
SHOFEDCHITC || 0.15 £ 0.04 | 051 + 017 [ 0.25 +£0.06 § 0.13 + 0.04

Table 3.1: Upper limits for trigger inefficiencies (%) for hadronic events for the
three independent triggers. The errors shown are statistical (1¢).

1 %. Since, in addition to these basic triggers, we have other triggers formed from
various combinations of the SHC, the CDC and the ITC, the actual inefficiencies
are probably lower than these upper limits. An elaborate analysis including some
of the other triggers showed that the inefficiencies are less than 0.3%. Therefore,
we confidently conclude that the trigger inefficiency for hadronic events has only
a negligible effect on our analysis of hadronic events.

3.2 Luminosity Measurement

Small angle Bhabha scatlering, ete”™ — ete”, which is dominated by t-channel
single photon exchange, is the least ambiguous ete” reaction {both theoretically
and experimentally) and, thus, has traditionally been used to monitor the lu-
minosity in high energy e*e” colliding beam experiments. Detailed theoretical
calculations for Bhabha scattering, including higher order radiative corrections
(up to O(a®)) in the standard model, have been carried out [74].

Electrons and positrons {rom the Bhabha process are detected by the SHC in
the barrel region and the PTC and FTC in the endcap region. The luminosity is
determined by a comparison of the calculated and Lhe measured cross sections in
these three devices. We find that the measured angular distribution for Bhabha
events agrees reasonably well with the theoretical prediction and the luminosities
inferred from the different detection elements are consistent with cach other (see
Fig. 3.1). We also inferred a luminosity from the measurement of the reaction
ete~ — 4. The results, shown in Table 3.2, agree well with those derived from
Bhabha scatlering. For the cross section determination, we use the luminosity
values obtained from Bhabha scattering in the PTC; these, listed in Table 3.4,
have the smallest statistical errors.

The estimated systematic errors for luminosity measurements range from
3.3% to 3.7% and are summarized in Table 3.5. The largest error comes from the
few millimeter uncertainties in the PTC alignment relative to the beam Ccrossing
point.

The position of the PTC along the beam direction was determined with an
accuracy of 5 mm, corresponding to an error of 0.08° in theta angle, resulting in
a 1.8% uncertainty-in the luminosity. The range of sccepted Bhabha scattering
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Vs | Barrel Bhabha | Berrel 4y [ PTC Bhabha
(Gev)|  (pb7) @) | (b7
50 060+004 [052+£0.10] 0.6440.02
52 3884010 [389+029] 3.9840.04
55 3.4210.10 326+028) 3271004
56 6.06 + 0.13 6.55+ 0.40 | 5.99 1 0.05
56.5 1051006 |0.83+0.14| 0.9940.02
57 4441012 [5.40+0.37| 440X 0.05

Table 3.2: Comparison of luminosily measurements by different devices. Only
statistical errors are listed.

angles was known te 0.1°, corresponding to a 2.4% uncertainty in luminosity.
These uncertainties in radial and z- directions are summed in quadrature to give
an overall 3.0% systemaiic error arising from uncertainties in the alignment. For
a period of time during the 52 GeV running, a seclion of the PTC proportional
chambers was not operational, resulting in an additional systematic error of 1.7%
due to the uncertainty in position measurement.

More details of the analysis of luminosity and Bhabha scattering can be found
in Ref. {75].

3.3 Hadronic Event Selection

In the first stage of the event selection procedure, all of the recorded events are
passed through a two-step software filtering procedure. The firet step utilized
various cuts on detector signals {o reject events which are obviously not ete”
annihilations. Here, the cluster-finding algorithm for the SHC is applied and
the energies of the SHC clusters are determined using a coarse SHC calibration.
Charged track segments in the CDC are reconstructed and the multiplicity and
momenta of the charged tracks are estimated. Events that have more than 2.8
GeV of energy deposited in the SHC, or have at least one high-momentum (P >
1.5GeV /c?) or two or more charged tracks in the CDC and more than 1.5 GeV
of SHC energy, are accepted. This pass rejects many of the events that are
caused by interactions beiween beam particles and the nuclei of the residual gas
in the vacuum system (beam-gas interactions) or by interactions of particles in
the beam-halo with the walls of the vacuum sysiem (beam-wall interactions).
This first step climinates about half of all of the recorded events.

Subsequently, the fast track recognition program ACE (see Appendix B) is
used to reconsiruct the trajectorics and determine the momenta of the charged
particles.

To pass the sccond step, events have to satisfy the following conditions:

o Number of “good-vertex tracks” is three or more, where a good-vertex track
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is defined to be a CDC track with |Ry| < 5 cm and |Z,| < 10 cm. Here R,

and Z, are r- and z-component of the distance of closest approach of the
track to the beam interaction point, respectively.

o Total deposited energy in the SHC is greater than 2.8 GeV. This cut is made

as loose as possible and consislent with keeping the size of the resulting
data sample manageably small,

The resulting event sample is then subjected to & more intensive track finding
algorithm, DUET, (see Appendix B) and the SHC cluster-finding algorithm is
again applied using a more accurate SHC calibration. This sample is used as the
basic data sample for all subsequent analyses for hadronic processes.

In order o investigate possible hiases in the selection procedure, part of
the selected data sample was visually scanned by physicists using an interactive
graphics program, AMYSCAN. (Examples of the event displays of AMYSCAN
are shown in Figs. 3.3-3.5.) No evidence of a hias was found. (Visual scan-
ning was used frequently to help us improve the detector analysis programs and
determine the cuts that were used for selecting hadronic events.)

Background events still dominate this basic sample. These backgrounds in-
clude:

¢+ two-photon collision hadronic events (e*e~ — e*e~ + hadrona),
¢ 1 lepton pair production (ete~ — 7+7-}),

¢ radiative Bhabha events {ete~ — e*e™ 4 7) where the v ray converted into
an e*e” pair in the material of the vacuum pipe,

» beam-gas and beam-wall interaction events, and

¢ cosmic ray shower events.

The multi-hadronic annihilation process, e*e~ — hadrons, has a number of
characteristic features. Since these events tend to be collimated as jets, whaose
angular distribution is expected to be approximately {1 + cos? 8), many hadronic
events have almost all of the final-state particles detected in the barrel part of our
detector, i.e., the CDC and the SHC. In these cases, the total energy deposited
in the barrel part should be nearly equal to the center-of-mass energy, /s, and
the momenta of all the detected particles should be balanced. In addition, ex-
trapolating results from previous, lower-energy e*e~ experiments |2} leads us to
expect that the average multiplicity of charged particles at our energy will be
large (=~ 15}.

Based on these considerations, we define the following “event selection vari-
ables” for use in the isolation of hadronic events:

» The visible energy, E,q,, defined as a sum of absolute momenta {or en-
ergies) of all the “good” CDC and SHC particles (Eyi, = Yi.cpc |P/] +
Tj=skc E?).
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o The momenium balance, P, the sum of the z-components of the three-
momenia of all the “good” CDC and SHC parlicles (Foat = Li=cbe Piy

¥;=suc Eicost;).

« The number of charged particles, Noig, i.e., the number of “good” CDC
tracks.

o The total energy deposited in SHC, Espc. For this, the energies of all
SHC clusters are summed; no distinction between “good” and “no-good”
clusters is made.

Here a “good” CDC track must have at least 8 axial and 5 stereo hits, and have
a good “vertex”, i.e., |Ro| < 5 cm and |2Zo| < 15 em. Slightly tighter cuts are
used for high momentum tracks: either |Ro| < 1 cm or axial hits > 12 or sterco
hits > 10 for tracks with P > 0.25x{beam energy), and either |Ro} < 2 cm or
axial hits > 12 or stereo hits > 10 for iracks with P > 0.5 GeV/c.

A “good” SHC cluster is one with energy greater than 0.2 GeV and less
than 95 % of ils energy deposited in any one of the five longitudinal layers of
the SHC. in order to avoid double counting of a charged particle by the CDC
and the SHC, a SHC cluster with its energy less than 1 GeV is not regarded
as a “good” one if its position matches with 2 CDC track within 2°, High
energy SHC clusters (Espe > 1 GeV} that match with CDC tracks are either
electrons, 7 rays accidentally overlapped by charged hadrons, or hadrons that
interact in the material of the SHC. Because discrimination of electrons from -
overlapped hadrons or interacting hadrons depends on the details of our electron
identification crileria, we decided o allow for double counting for Esgc > 1 GeV.
It was found from Monte Carlo studies that this does not effect the results of
event selection; the number of selected events changes by only 0.2~0.3 % between
using and not using the double counting.

In order to reject background events while keeping most of the hadronic events
in the sample, the following “hadraonic event cuts” are applied:

Espec > 5 GeV
Eviaf /3 > 0.5 (3.29)

hadronic event cuts = Nony 2 5
Ph]/E‘“'. <04

Here, because the earlier Esgc > 2.8 GeV cul was applied with a coarse
SHC calibration, the first cut serves to tighten it when the more accurate SHC
calibration is applied. For the 50 and 52 GeV data, however, only a looser cut of
Esnc > 3.0 GeV is applied, because the accurate calibration had already been
used in the first stage selection. The second cut rejects almost all beam-wall and
beam-gas events (for these, the total energy cannot exceed the beam energy)
and most of the 7*7~ and two-photon events. Radiative Bhabha events and
r+7- events, which only rarely have a charged multiplicity higher than four, are
efiectively eliminated by the third cui. The fourth cut ensures that there is no
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large energy leakage into the beam direction and further removes two-photon
events.

In Fig. 3.2 we show the distribulions of these cut variables (both for the
experimental data and our estimates based on the MC simulation). It can be
seen from the figure that our selection of cul values eliminates the background
processes with minimal effect on the hadronic events of interest. An assessment
of the effect of these cuts on our measurements will be given in the next section.

All of the events that satisly the hadronic event cuts were visually scanned by
physicists. The purpose of the scan is to reject obvious radiative Bhabha events,
cosmic-ray initiated events, and beam-wall/gas events.

In the scan we found and rejected ten low-multiplicity events (of which eight
have N, = 5 and two have N, = 6), where each track that enters the SHC
causes a shower, as radiative Bhabha scattering events. An example of such
events is shown in Fig. 3.3. In order to check the unambiguity of the visual scan
for rejecting Bhabha events, the hadronic eveni cuts with a looser N, = 4 cut
are applied to the basic hadronic sample, and the events that pass the cuts are
all scanned and those identified as Bhabha events are kept. The MC simulations
of ithe Bhabha process are also processed through the same Joose hadrenic event
cuts. We find 5.7 £ 1.0 evenis/pb~? for real data and 6.0 + 1.2 events/pb~' for
MC data. (The quoted errors are statistical.) They agree within the statistical
errors and confirm the unambiguity of the visual scan.

Also, twelve events were rejected as cosmic-ray induced evenis. These are
obvious; an example is shown in Fig. 3.4.

In the scan we found sixteen beam-gas/wall events that had passed the
hadronic event cuts because they contain either a large fake neutral energy due to
electronic noise signals in the SHC or & wrongly reconstructed high momentum
CDC track. Electronic noise in the SHC occurred during part of our data taking
run when an incorrect high voltage value was applied to one section. A spurious
high momentum CDC track is falsely reconstructed when a low momentum track
curls around and leaves many hits in the CDC. A typical beam-wall/gas event
where this occurs is shown in Fig. 3.5. There it can be seen that thesc events are
also quite distinct and easily recognizable.

Independent scans were made by two physicists and the results were compared
to estimate any possible scanner-dependence on the result. No such dependence
was observed. In any event, the number of events rejected by the scan is small
(= 1.6%), indicating that the visual scanning procedure is not a serious potential
source of bias. However, a rather conservetive value of 10% is assigned as a
systematic error associated with the visual scan, corresponding to a 0.2 % error
in the R calculation.

While we can conclude that the contamination from Bhabha scatiering, cos-
mic ray initiated events, and beam-wall events is negligible after the scan, con-
tamination from beam-gas events, which may not be clearly distinguishable from
hadronic events, were further estimated, as is described in the next seciion.

The total number of hadronic evenis finally obtained was 2280, as summa-
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Figure 3.2: Distributions of the event cut varables. (a) E.. distnbutions of
ihe actual data after all the hadronic event cuts except the E,;, cul are applied
(points). Also shown are the results of the MC simulation for hadronic events
(histgrams). Corresponding distributions are given for: (b) Piat/ Eoisi (€) Nongi
and (d) Esuc.

Figure 3.3: A radiative Bhabha event rejected by the visual scan.
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Figure 3.5

Figure 3.4: A cosmic ray induced event thal was rejected by the visual scan.
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V3 (GeV) || raw data | 1st filter [ 2nd filter | had.ev.cutls visual scan
50 1197857 | 572154 911 9 88
52 1637857 | 839054 4027 490 482
55 1926857 | 1126649 2458 376 368
56 2452022 | 1553682 5300 T35 727
56.5 617819 | 405324 1343 131 123
57 1291053 | 865023 3902 495 492
Table 3.3: Number of events in each selection step.
Vs (GeV) | 50 52 55 [ 56 | 565 | 57 |
- Naw 88 482 368 727 123 492
Nikg
-TT 0.86+.11| 54%.7 37+ .5 68+.9 [0724+.00] 325
-2y 049+ .12| 31%.7 25+ .6 | 464£1.1 10.77+.18] 341 8
fLdi (pb-7) || 0.64+ .02 3.98+.04|3.27%+ 04| 599+ .05)| 0991+ .02 4.40 + .05
(1 + 8) 1.336 1.330 1.318 1.313 1.310 1.307
€ 0.652 0.650 0.633 0.632 0.645 0.645
«(1+8) 0.871 0.865 0.834 0.830 0.845 0.843
au (pb) 34.7 321 28.7 271 27.2 26.7
R 450+ 48 [ 4.20 £ .20 4.62+ 24]5.19+ .19 532+ 48| 4.90 £ .22
R (theory) 4,22 4.32 4.54 4.63 4.68 4.73
" R{with top) 5.68 5.80 6.05 6.15 6.22 6.28

Table 3.4: Summary of calculation of R; Only the statistical errors are shown
here. Theoretical values are calculated with Mzo = 92.0 GeV /c?, sin? fw = 0.230,
and Ag5=0.2 GeV with O{a}) QCD (t quarks are assumed to be fully excited).

rized in Table 3.3. Note that a small number of background events from 7 pair
production and two-photon hadronic events were still contained in this sample.
These were statistically subtracted using a procedure that is described in the
next section.

3.4 Total Hadronic Cross Section

The total hadronic cross section is calculated by correcting the number of
hadronic events, oblained in the previous section, for background contamination
and detector acceptance, and then normalizing to the integrated luminosity. In
order to facilitate comparisons with theoretical predictions (Eq. 1.9) that do not
include electroweak radiative corrections (but do include QCD corrections), the
total cross section is also corrected for electroweak radiative effects.
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By expressing the cross section in units of the lowest-order QED mu-pair
production cross section, we obtain the quantity R, already introduced in Chapter
1, as:

- Nobs — N&ka

T (14 8) [ Ldt oo’
where N, is number of the observed hadronic events; Ny, is the estimated
number of the background events; ¢ is the detector’s acceptance for hadrenic
events; (1+6) is the radiative correction factor; [ Ldt is the integrated luminosity;
and oq is Lthe lowest-order QED cross section for ete™ — putp=, 0o = dma?{3s
86.85/s (nb), where s is the center-of-mass energy squared in units of GeV?,

‘The integrated luminosities have been alrcady discussed in section 3.2, and
are listed in Table 3.4, In the following, we describe in detail how we obtain each
of the other [actors and estimates for their systematic errors.

R (3.30)

3.4.1 Background Fraction

Potential background sources have been enumerated in the previous section. Here
we describe our estimates of the contribution from each of these sources.

Since it is very difficult to distinguish unambiguously the v+7~ events and
two-photon hadronic events from multi-hadronic annihilation events, we use MC
simulations of these processes to estimate how many of them are misidentified
as hadronic events, It is found that the MC calculation underestimates the
low energy peak in the E., distribution, a discrepancy that we attribute to an
ambiguity in normalization of the VDM component of iwo-photon events. This
corresponds to about a factor of two increase of the VDM component; we assign
this as a systematic error that contributes a 0.13 % error to the R measurement.
The estimated number of background events from r* 7~ and two-photon hadronic
events is summarized in Table 3.4.

Beam-gas collision events that might pass the visual scan can occur anywhere
up- or down-stream of the interaction point. We estimated possible contamina-
tion from these evenis by redoing the first’stage filiering on a sample of the
data with the vertex condition for “good” charged tracks changed from the usual
12| < 10 em to 15 em < |Zo| < 30 ¢m, and then seeing how many events pass the
hadronic event cuts. In a data sample corresponding to an integrated luminosity
of 6.0 pb~! we find no events that pass this “off-vertex” selection. This gives a
95 % confidence level upper limit on the fraction of background contamination
from these evenis of 0.3 %. We include this number in the systematic errors.

3.4.2 Detector Acceptance

For the purpose of determining the detector’s acceptance, we applied the hadronic
event cuts to MC simulated hadronic events that were generated with the effects
of initial-state radiation inciuded. The resulting distributions for the charged
particle momenta and the neutral particle energics agree quite well with those of
the real data as can be seen in Figs. 2.10.
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The detector acceptance, ¢, is the number of the MC events that have passed
the hadronic event cuts divided by the total number that were gencrated. This
is found to be approximately 64 % and almost independent of the center-of-mass
energy {see Table 3.4).

In order to study the relation between € and the particular choice of hadronic
event cul values, we determine ¢ for a variety of cut values (see Fig. 3.2). Changes
in R for different cut values are shown in Fig. 3.6; these are small (< 1%}, even for
quite large variations of the cul values, We calculated the shift in R that results
from varying each cut value by an amouni corresponding to our resolution in
that variable. This was used as an estimate of the systematic error due io our
choice of cut value. The variations used are indicated in Fig. 3.6. Combining
the results for each cut parameter in quadrature gives a systematic error on the
acceptance of £1.5%.

The above-mentioned calculation of ¢ relies heavily on the MC simulations,
which, in turn, are based on theoretically motivated event generators as was
discussed in Chapter 2. Thus, ambiguities in the fragmentation and event gen-
eration schemes may result in errors in our determination of e. We celimated the
dependence on the event generation schemes by comparing the results of Lund
6.2 {the matrix-element method plus siring {ragmentation} and Lund 6.3 (the
parton-shower method plus string fragmentation), both of which give a rather
good description of the real data. We find that Ae/e¢ = 0.7%, which we use as a
systematic error. We estimated the dependence on the choice of fragmentation-
scheme by comparing resulis using string fragmeniation (SF) and independent
fragmentation (IF). We use Lund 6.2 (with SF option), Lund 6.2 (IF), EPOCS
(SF), and EPOCS (IF). We find a variation of Aefe > £0.9%, which we also
include as a syslemalic error.

An additional potential source of systematic error in € can be differences
between the detector simulation and the actual detector responses. For the sim-
ulation of the CDC, we compare the resulis of the two different simulations: one
is a simple one thai assumes a constant spatial resclution over the whole detec-
tor region; the other is a more detailed version that is carefully tuned to fit the
various distributions of the real data, Although the simple version resulis in a
slight shift in the charged multiplicity distribution, the difference in e derived
from the two simulations is found to be negligible.

For the SHC, we vary the calibration constants over a range such that the
eleciron energies measured by the SHC are still consistent with the momentum as
measured by the CDC. This results in a 0.8% changes in the number of selected
hadronic events, which we use as the systematic error due to the ambiguities in
the SHC calibration.

We also searched for possible failures of our online daia taking system for
recording hadronic and Bhabha events. Because the measurement of the total
cross section for hadronic events is essentinlly the number of hadronic events
divided by the number of Bhabha events, any systematic difference between
hadronic and Bhabha event handling would resuit in an error in the total cross
section. Occasionally, for certain short periods of time (~ & few seconds) elec-
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Figure 3.6: Changes in R due to different hadronic event cut values. The size
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shown. Typical statistical errors are also shown.
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tromic noise corrupted the CDC data records. Also, severe background radiation
conditions sometimes caused the high voltage supplies for the CDC lo trip, creal-
ing dead time of the CDC. Since the luminosity determination relies on Bhabha
eventsin the PTC (see the next section), which are independent of the CDC data,
the number of observed hadronic events must be corrected for these effects. We
estimate the correction factor by counting the number of Bhabha eventis detected
by the SHC that have no CDC data because of the above-mentioned effects. (The
good position resolution of the SHC enables us unambiguously to discriminate
Bhabha events from ete™ — g7y without help of the CDC by measuring the
bending of electrons’ and positrons’ trajectoties in the magnetic field.) We find
these eflects to be small, approximately 0.3%. We include this correction factor
in the estimate of the detector acceptance. The error of this correction factor is
included in the systematic error of the accepiance.

Finally, by combining all of these results in quadrature, we find an overall
sysiematic ervor on ¢ that is 2.0%,

3.4.3 Radiative Corrections

The Lund 6.3 generator, which is used as our standatrd hadronic event genera-
tor to estimate the detector acceptance, incorporates the BKJ radiative correc-
tions {62], which only include the dominant terms {section 2.3.1). We therefore
use the FKS calculations [63) 1o obtain the correction factor for full electroweak
radiative effects, (1 + §). Possible sources of systematic errors in (1 + §) are
investigated here.

Hard initial state photon emission accounts for the biggest contribution to the
correction factor, {1+ 6}. This is because the large loss of the energy in the initial
state results in an et e~ system with a lower energy where the annihilation cross
section is higher. The cross section for the initial-state hard photon emission is

g% = % (h.;n‘fE - 1) (1 + (i:)’) %o’h(a'), (3.31)

where &' > (1 — k)s is the center-of-mass energy squared after the hard photon
emission and on(#') is the total hadronic cross section at +/s’. This is divergent
both for k = E,/Epum — 1, and for ¥ — 0. The latter divergence, infrared
divergence, is treated in a self-consistent way by setting a lower cut-off, kmin,
and calculating the correction for k < ki a8 part of the corrections for vertex
and vacuum polarization. The actual value of k;, that is chosen does nol matter
as long as it is small enough so that it does not affect ¢, but large enough to keep
the correction for the hard photon emission smaller than unity,

The k — 1 pole occurs because there the effective et e~ center-of-mass energy
approaches zero where the annihilation cross section diverges as 1/s. Because

hadronic annihilation, by definition, must have at least two pions in the final

state, the maximum value of k is (1 ~4m?2/a) where m, is the pion mass. Because
of the large uncertainties in o) at lower energies, a reliable calculation for k ~ 1
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cannot be made. However, when k gets close to 1, the center-of-mass energy of
the ete~ system is notl high ¢nough to produce a hadronic final state that can
pass our hadronic event cuts (E,i,f/s > 0.5, Na, > 5 etc.). We introduce a
higher cut-off, ke, and ignore those events with ¥ > k... We have chosen
Emaz = 0.99. This introduces a dependence of €(1 + §) on kp,,, that is estimated
in two ways. First, we calculate ¢{1+§) with different values of k...; the value of
€(1 + &) decreases by 0.8% (1.2%) when we change kpnae from 0.99 to 0.90 (0.80).
Secondly, we estimate how much ¢(1 + &) can change if we raise kmqx up to the
maximum value {1 — m2/s). Because we can write

knee
€1+ 68) = Chchmin (] + rchmin) + fk,..- dkexdy, (3.32)

we just need lo estimate

X
"

Al +6) = _[ T deed, (3.33)
o9

Here ¢; and &, are the acceptance and the radiative correction factor at k = I. By

noting that acceptance for k& > 0.99 should be smaller than that for 0.9 < k <

0.99, that is ¢, = 5.4 + 0.8 %, and by using the quark-parton model cross section

to estimate 8, from Eq. 3.31, we obtain the inequality (the error is statistical)

|Ae(1 + §)| < 0.0081 + 0.0012. (3.34)

Hence, the change in (1 + &) is at most 1 %. From these two different methods,
we take the systematic error associated with k.. to be 1.0%.

The theoretical calculation used for the radiative corrections also has a few
uncertainties. These include the ambiguity existing in the calculation of the
hadronie vacuum polarization and the effects of higher order corrections that
have not been considered. '

The correction factor for the hadronic vacuum polarization is calculated as a
dispersion integral over the total hadronic cross section [76],

s = on(()
bradone = — 55— L AEE (3.35)
Here o) is the total hadronic crose section which is only known to a precision
of 10-15% at lower energies [77]. The FKS calculation uses a guark-parton
model cross section for o, while the BKJ calculation in Lund 6.3 incorporates a
simple formula that is based on the numerical interpolations of the experimental
hadronic cross section {80]. Although ithese two calculations agree to within
0.2%, the FKS values deviate by as much as 0.5% from the Lund 6.3 result when
the light quark masses are varied over a reasonable range of values. Shimizu has
also calculaled Shqd oo by numerically integrating experimental cross sections [79].
The systematic error of this calculation is estimated by comparing these different
calculations and also by varying the hadronic cross section in the dispersion
integral by +15 %, and is found to be 1.0%.
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It has been claimed by several experimental groups [20,22,29] that the higher
order radiative corrections can be as high as a few percent. Tsai [81] estimat=d
the higher order QED corrections by summing all leading logarithms and ob-
tained a correction factor at the one-percent level. However, his calculations are
not complele and the errors of the calculations are large. In contrast, recently re-
ported exact calculations by Berends et al. [82} indicate that the correction factor
is smaller than 1%, as claimed by Marshall [83] (however, it becomes significant
for higher energies). Therefore we ignore the higher order radiative corrections
here. .

Summing up all the above errors in quadrature gives & total systematic error
associated with radiative corrections of 1.3%.

3.5 Result and Discussion

The results on the calculation of the R values, discussed in the previous sections,
are summarized in Table 3.4. In the table, only the statistical errors are lisied.
Although we assume particular values of the standard model parameters (Mg,
my, sin® G, etc) to calculate radiative corrections and detector acceptance, the
obtained values of R are not sensitive to the values used.

The poini-to-poini systematic errors vary from 1.1% to 2.8% for different
center-of-mass energies, as shown in Table 3.5, and the overall normalization error
is 4.1%. These results are also shown in Fig. 3.7 together with PEP/PETRA
results {averaged) and theoretical predictions. The error bars indicated are the
quadratic sums of statistical and systematic errors.

Although the 4.1% normalization error is reasonably small compared to the
previous measurements of B by other experiments, possible ways to reduce this
number are considered in the following,.

The largest contribution to the normalization error comes from the alignment
error of the PTC in the luminosity measurement (3.0%). This will ceriainly be
improved as we continue to study the Bhabha events and betier understand
the systematics. The good agreement between the luminosity measured by the
PTC and that measured by the SHC suggesis that the systematic error can be
reduced below the current 3.0%. If more luminosity is accumutated in the future,
the Barrel SHC will be used for the luminosity measurement, reducing this error.
Currently, new endcap deteclors are being prepared to replace the PTC. One
of the purposes of the new detlectors is to minimize the systematic errors of the
luminosity measurement by previding improved measurements of positions and
energies in the endcap region.

The second largest error comes from the dependence on the event selection
cuts (1.5%). This indicates that there are still some conceivable differences be-
tween our event simulations and the experimental data. Because we have not
tried very hard to tune the fragmentation parameters of the MC simulations to
realize a best matching with the real data, we expect thal efforts in this direc-
tion will reduce the error to at least less than 1 %, as has been realized by other

data recording failure

systematic errors (%)
luminosity)
( slatistics 2.5,1.1,1.2,08,22,1.1
rad. correction, acceptance 13
background 0.2 )
position measurement 0.0, 1.7, 0.0, 0.0, 0.0, 0.
trigger efficiencies 0.2
chamber efficiencies 0.1
alignment 30
(radiative corrections)
kmose dependence 1.0
had. vac. polarization 0.8
detector acceptance)
( MC statistics 0.8, 0.8, 0.6, 0.6, 0.7, 0.7
MC scheme 0.7
fragmentation 0.9

+0.94
~0.001

0.13, 0.17, 0.15, 0.80, .34

event selection cuts 1.5

ealibration/reconstruction 0.8
{background)

T7, two-photon 0.2

beam-gas 0.3

visual scan 0.2

point-to-point error

overall normalization error

28,22 14, 11,2513

4.1

Table 3.5: Summary of systematic errors of R: w

here six numbers are shown,

each corresponds to 50, 52, 55, 56, 56.5, and 57 GeV data, respectively.
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experiments.
The ambiguities in the calculations of the radiative corrections are another

source of large errors. in the analysis of hadronic contributions to the electroweak
parameter renormalizations, Jegerlehner (77] and Cole et al. [78) independently
estimated the uncertainty in Spadvee. 8t V8= Mw to be roughly 3-6% by using
the experimental hadronic cross sections; this corresponds to an error of 0.2-0.3%
in R. This value may be rather optimistic, but a similar analysis at our energies
should yield an error that ;s smaller than the current 0.8%.

Furthermore, we may have overestimaled the systematic errors due to the
fragmentation scheme dependence (0.9%) and the MC scheme dependence (0.7%),
because descriptions of the real data by some of the MC simulations we used are
not excellent. If all the MC simulations used for the evaluation of the MC depen-
dence are tuned to their best, the systematic errors may decrease considerably.

To summarize, it is not unreasonable to hope that wit
be able to reduce the systematic normalization error down to about the 2% level.

h further efforts we will
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Chapter 4

New Heavy Quarks

In this chapter, we examine the possibility that new heavy quarks {¢ or b’ quarks)
may be pair-crented in our energy region. First, the obtained R values are com-
pared to the theoretical predictions with and without new heavy quark produc-
tion. Second, event shape variables are calculated for each hadronic event; an
excess in number of spherical events would be a signal for the new heavy quark
production.

4.1 Examination of R-values

In Fig. 3.7, we have included the expectations for R in the event of new heavy
quark production (here, masses of new guarks are assumed to be 24 GeV/c?).
In the case of & quark preduction, we cannot draw any conclusion from the R
measurements alone, because the expected increase in R (AR ~ 11% for full
excitation) is small and is overshadowed by the measurement errors (= 6%) and
by the ambiguities in the standard model parameters (~ 2.0-2.5% in R for our
energy region). We therefore only discuss the possibility of t quark production;
this is expected to increase R by as much as 33%.

Fig. 3.7 shows that our R values are consistent with the predictions with
known 5 flavors, although the higher energy points are systematically slightly
higher. In Table 3.4, the obtained R values are compared with the expectations
with and without the ¢ quark production. Here, fully excited t quark production
is assumed (i.e., @ ~ 1). At the highest energy (57 GeV), where we are most
sensitive Lo the ¢ production, an upper limit for the possible increase in R,

AR < 0.76357% (95%C.L.), (4.36)

is obtained. Here the error represents ambiguities in the theoretical calcula-
tion due to the experimental errors in Mz, sin? Ow, and Agyz (Mz = 91.9 £
1.8GeV /c?, sin? By = 0.23010.0048, and Agz = 0.15-0.30 CeV;it is dominated
by the Mzo error) [15,10]. This upper limit corresponds Lo 49%,3% of the fully
excited t production.

Thus, we can conclude that our R values are consistent with the prediction
with known 5 flavors and that fully excited ¢ production is excluded with 95%
confidence level for our energy region.

5

4.2 Event Shape Analysis

We show distributions of thrust and acoplanarity for each energy in the Figs. 4.1
and 4.2, The predictions of the Lund 6.3 Monte Carlo, both with and without ¢
quarks, are also indicated in the figures. Here we assume that the ¢ quark mass
is 1 GeV/c?* less than ihe beam energy (so the quark velocity is 8 =~ 0.26} and
the threshold behavior of the tI production is that given by the quark-parion
model, R; = %Q,’ﬁ(S — f#%), which ranges beiween 0.51 and 0.54, depending on
the c.m. energy.

This value of R;; is probably conservative, because neither the QCD correction
nor the weak correction is taken into consideration. (Compare these figures with
those given in Chapter 1, where all the corrections are taken into account.) The
QCD correclion would raise R,; by more than 5%, while the weak correction does
not significantly change it (by less than 1%) for the top quark with § ~ 0.26.
R, is similarly calculated and is 0.13-0.14, where the QCD correction would
raise this by more than 5% and the weak correction by 15%.

The figures indicate that the data are consistent with the MC prediction
without new heavy quarks, and the expected excess in number of spherical events
is not seen. In order to quantify this result, we calculate upper limits on the cross
section for new heavy quarks in the following.

We select spherical events by making cuts in the distribution of acoplanarity
A. The R values for new heavy quark (Q) production, Ry5, are obtained from
the experiment as

__ owm
Rz = -,
Ngs — Nog
eqgll + 8g) J Ldt - oy
Here NS%' is the observed number of spherical events, i.e., the number of events

satisfying the condition of high A (Q represents ¢ or ¥'); Ng’a‘ is the number of
background events estimated to originate from light quark production andsother
sources; ¢,y is the detector acceptance for the spherical heavy quark events; and
(1 + 855) 18 the radiative correction factor for the heavy quark production. The
expected value of Ry for fully excited ¢ (b') production is ~ 1.5 (~ 0.5), slightly
depending on the center-of-mass energy.

The detector acceptance is calculated using the Lund 6.3 MC program for sev-
eral different heavy quark masses and is found to be slightly higher for smaller
values of the assumed quark mass. This seemingly strange result can be under-
stood in the following way. According to the standard V-A theory, the matrix
clement for the ¢ decay, ¢ — bg'g, becomes

(4.37)

|M[? ~ 2m, By B¢ Ey sin® % (4.38)

where E,, E;, and E, are the energies of the final state quarks, and 85 is the
angle between the b and the § quarks in the rest frame of ¢. Therefore, the decay
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Figure 4.1: Thrust distributions for (a) 52 GeV, (b) 55 GeV, {c) 56 GeV, and
(d) 57 GeV data (points). Also shown are the results of the MC simulation
with and without ¢ quark production (histgrams). Here, ¢ quark mass is as-
sumed to be 1 GeV/c? less than the beam energy and the threshold behavior of
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Figure 4.2: Acoplanarity distributions for (a) 52 GeV, (b) 55 GeV, (c} 56 GeV,
and (d) 57 GeV data (points). Also shown are the results of the MC simula-
tion with and without t quark production (histgrams). Here, t quark mass is

assumed to be 1 GeV/c? less than the beam energy and the threshold behavior
of Rz = 3Q16(3 — B?) is used.
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products are likely to form back-to-back jeis. When the two decaying t quarks
are al rest, the event tends to form a plane, thus giving a low A value. When the
t quarks are moving, the Loreniz boost helps to make the event more spherical.

The radiative correction factor is obtained from the FKS calculations {63},
which property incorporate the (assumed) heavy quark mass in the full elec-
troweak calculation. The result of the calculation can be conveniently formu-
lated as 855 ~ —exp(—4.1338 — 0.689), where B is the heavy quark velocity.
(For example, (1 + ég5) = 0.86 for mg = Epesm — 1 GeV/c?, iie., f =~ 0.26.)

Backgrounds from r-pair production evenis are negligible, because those
events are mostly jel-like, high thrust events. Some events from two-photon
hadronic events, especially VDM evenis, sometimes appear quite spherical, but
the expected number of events is very small, roughly of the order of 0.01 events for
the whole data sample (slightly depending on the cut values). Thus, two-photon
backgrounds are also ignored.

The systematic errors for R, are estimaied in a similar way as those for
the determination of R; the errors from the luminosily measurements are also
the same. For radiatlive corrections, there is no ambiguity in kp,., since it is
naturally cut off by the heavy { mass; the other errors associated with these
corrections are the same as for the case of R,

For detector acceptance, in addition to the systematic errors considered i~
the case of the R value measurements, we have o include the dependence on
the event shape cuts (cuis on A). Here, the dependence on the MC models is
not strong; for example Lund 6.2 with matrix element gives 3.3% smaller value
of ¢y5 than our standard Lund 6.3 calculations for evenis with 4 > 0.36 for
m, = 27.5 GeV/c? and /2 = 57 GeV.

The total systemaltic error for Ryz, so obtained, is ~ 7.5%, depending on the
beam energy and the heavy quark mass.

The dependence of Ry5 on the cut values used for 4 is shown in Fig. 4.3
for the 56 GeV data. Here R, remains almost constant for some region of the
cut values, independently of whether or not the estimated background fraction
from light quark events are subtracted. We use optlimum value for the cut:
A > 0.36, and do not subtract the light quark background (i.e., N;%’ = 0)
in order to set conservalive limits. For this cut value, €qg is roughly 0.09 for
mQ = Fpeun — 1 GeV/e? (8 ~ 0.26).

We use the highest energy data alone, that taken at 57 GeV, to calculate
upper limils on R,z. The obtained upper limits slightly depend on the value
of the assumed heavy quark mass, and for mg < 27.5 GeV /c? they are B; <
0.358+0.027 and R, < 0.325+0.024 with 95% confidence level. Here the errors
represeni the total syslematic errors involved in the calculation of Ryp. These
limits correspond to 23.1 + 1.7% of the full excitation for the ¢ production and
39.6 + 3.0% of the full excitation for the ¥ production.

We can subsequently derive lower limits on new heavy masses by comparing
these limits with the theoretical expeciations. However, by including lower en-
ergy data (56.5 GeV, 56 GeV, etc) in the analysis, we can effectively increase
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Figure 4.3: Ryg as a lunction of the cut value for A.
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the total luminosity and thus ate able to set a better limit on new quark masses,
particularly for the case of b’ quarks. Our method for doing this is described
below.

In order to combine data from different energies, we work in terms of the
number of heavy quark events, Nﬁo'bﬁ" instead of Ryg, for the convenience of the

analysis. The experimental upper limit on Nat—; is just an uppet limit on the

number of observed events with high A {we assume N:;g = 0). The number of
expected heavy quark events, Ng‘é", is calculated as

heo __ hea
NS = cqqll +8gg) [ Lit <00 RES. (4.39)

Here, for R"‘g’, we use the values from the quark-parton meodel given above.
Ntheo contains all of the systematic errors discussed earlier in this section.

We show the results in Fig. 4.4. The obtained mass limits are m, > 27.6
GeV/c? and my > 25.5 GeV/c? with 95% confidence level. These are rather
conservative limits since we have ignored QCD and weak effects. For compar-
isons, we show in Fig. 4.5 the Nz plot for high A event rates where we have
included both QCD and wesk effects. In this case the mass limits are much
better, namely m, > 28.4 GeV/e? and my > 26.8 GeV/c® at the 95% confidence

level. Note, however, these limits should be considered as the mass limits on the
t (¥) mesons. .

To summarize, we found no evident rise in the R values in our energy region
and no excess in the number of high-A events. By examining event shape dis-
tribulions, upper limits for possible increase in R due to the new heavy quark
production have been obtained. Sebsequently, we could set lower mass limits for
new heavy gquarks.

In fact, if we select the hadronic events by tagging high momentum leptons
in the events, a more sensitive test on the heavy quark production (especially
b' production) can be made, because high momentum leptons are most likely to
originate from the weak decays of the heavy quarks. The result of this analysis
will be reporied elsewhere. :

It is, however, important to note that because of its small cross section, pos-

gible pair-production of the b’ quarks at our highest encrgies are not completely
excluded.

Number of Events with Acop < 0.36
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Figure 4.4: The 95% upper limits on number of heavy quark events are compared

with the theoretical predictions using the quark-parton model hres!
The cut A < 0.36 is used to select heavy quark evenis.
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Figure 4.5: Samc as Fig. 4.4. Uere the QCD and the weak effects are included.
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Chapter 5

Comparison of R-values to Standard

Model

As was described in the previous chapter, we have found no evidence for new
heavy quark production, and everything is fairly well described by the standard
model with five known quark flavors. Here we will now turn to extracling the
standard model parameters by fitting the measured R values to the standard
model prediclion {equation 1.9), assuming that only five known quark flavors are
produced in our energy region. We follow the filling method that was recently
used by the CELLO group [20], which we will explain in the following.

First we split the error of R into three categories: the statistical error g,
the systematic poini-to-point error oy, and the common normalization error
Gnorm- Il i assumed that the quadratic sum of these threc errors gives the tolal
error of B. Then we define a n x n error matrix V;; for n measurements of K in
the following way. The diagonal clement Vj; is just the square of the total error
for the i-th measurement. The off-diagonal element V;; represents the correlation
between the i-th and 7-th measurements. We assume that there is no correlation
between different experiments; i.e., V;; is set to be zero if the measurements i and
J were made by different experiments. For the measurements by the same exper-
iments, V;; is estimated by the square of the common normalization error of the
experiment, o2, . For experiments that give different normalization errors for
different data running periods, the errors ate split into a common normalization
error for all the running periods (¢norm1) and an additional normalization error
for the individual periods concerned (0normz); Vi; is estimated by o2, .

Using a residual vector, A; = R; — Ry, the fitling procedure is to minimize
x? defined as

X' = ATV-IA. (5.40)

We include the data of the PETRA [21], the PEP [22,23], the DORIS, and
the CESR experiments [24], as edited and used by the CELLO group [20}; for
these the BKJ (or equivalent) radiative corrections have been applied (see section
2.3.1). For those energies, the difference between the BKJ corrections and the
FKS corrections {full electroweak corrections} is negligible and it is reasonable
to compare their results to our R values, which are corrected using the FKS
calculation. We also use a new precise measurement of R that was recently
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" Experimentﬂ Vs (GeV) u R u T et (%) l optp (T2) l Frormi {70} | Enorm2 (%)
AMY 5000 [ 450 106 2.8 4.1 0.0
52.00 |[4290 46 2.2 4.1 0.0
5500 | 462( 5.2 14 4.1 0.0 .
gg.gg g;g 3.(7) ;; :.1 g.g Experiment || v/ (GeV) [ R | cutas (%) | pep () | Ororm (%) | Onormz () |
| s700 || 400l 45 13 4l 0.0 HRS 2000 [420] 03 0.0 7.0 0.0
: MAC 2000 | 400] 038 0.0 2.1 0.0
Table 5.1: Summary of the R values from AMY that were used in the fit. CELLO ;ggg g;g ig g? i; gg
33.80 | 374 2.6 1.9 1.7 0.0
3828 [ 388 26 1.7 1.7 0.0
“ Experiment “ Va(GeV) | R “ Tatar (T0) I aptp {70) i Cnorml (70) | Tnorm? (%)Jl 41.50 4.03 4.1 1.8 1.7 0.0
Crystal Ball | 930 [ 348[ 1.15 0.0 4.6 0.0 43.60 || 3973 2.0 1.4 1.7 0.0
CUSB 1040 ||363] 16 0.0 10.2 0.0 4420 | 401} 25 1.2 1-; g'g
CLEO 1049 | 347] 16 0.0 6.4 0.0 46.00 (4094 51 1-9 1-7 o0
DASP2 950 [373[ 43 0.0 75 0.0 46.60 4207 85 7 : 2
PLUTO 940 [[367) 63 0.0 7.9 0.0 JADE 14-33 g4 36 0.0 2-: 3'0
LENA 744 |[337] 39 0.0 6.7 0.0 32'01 ‘;-;}! g-: g-g 2-4 b
. 4] 2 . 6. 0 . - - - . .
3 3; g ;] 2 ?( gg 6 ?,. g 0 2766 [/ 3851 125 0.0 2.4 0.0
o4z lastl 76 0.0 6.7 0.0 2093 | 355) 113 0.0 24 0.0
= : : - - - ' 3038 [ 3.85 4.9 0.0 2.4 0.0
, 3129 [i384f 73 0.0 2.4 0.0
Table 5.2: Summary of the R values from DORIS and CESR that were used in 34.89 417 2.4 0.0 24 0.0
the fit. 3¢50 || 3.94) 5.1 0.0 2.4 0.0
3501 [394| 25 0.0 2.4 0.0
35.4 394| 46 0.0 2.4 0.0
reported by the CRYSTAL BALL collaboration [25]. All the values of R thal we 36 32 3.72 5.7 0.0 0.4 0.0
use for the fitling are summarized in Table 5.1-5.3, together with their errors. 40j32 4'07 4'7 0'0 2:4 0:9
4118 [ 4.24| 5.2 0.0 2.4 0.9
4255 | 424l 52 0.0 2.4 0.9
4353 [ 4.05] 50 0.0 24 0.9
44.41 | 404f 5.0 0.0 24 0.9
4559 | 4470 5.0 0.0 2.4 0.9
48.47 | 411 5.9 0.0 2.4 0.9

Table 5.3: Summary of the R values from PEP and PETRA that were used in
the fit (continued to the next page).
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[ Experiment Vs (GeVI R | ouat (%) | onty (%) | Fnormt (%) | Onormz (%)
MARK J 2200 | 3.66 22 3.0 21 0.0
2500 | 3.89 5.4 30 2.1 0.0
30.60 4.09 34 3.0 2.1 0.0
33.82 |l 3.7t 1.6 3.0 2.1 0.0
2463 | 374 0.8 3.0 2.1 0.0
35.11 3.85 1.6 3.0 2.1 0.0
36.36 | 3.78 4.0 3.0 2.1 0.0
37.40 || 3.97 9.3 3.0 2.1 0.0
3830 | 4.16 2.2 1.0 2.1 0.0
4036 [3.75 4.0 3.0 2.1 0.0
4150 | 432 4.6 3.0 2.1 0.0
4250 [ 3.85 5.2 3.0 2.1 0.0
43.58 3.91 1.5 3.0 2.1 0.0
44.23 4.14 1.9 3.0 2.1 0.0
4548 {417 48 3.0 2.1 0.0
46.47 | 4.35 39 3.0 2.1 0.0
PLUTO 3760 || 4.07 T.1 0.0 6.0 0.0
3080 | 4.1 3.2 0.0 6.0 0.0
TASS0 1400 | 4.14 7.3 0.0 15 20
22.00 | 3.89 44 0.0 3.5 2.0
2500 372 102 0.0 3.5 2.0
33.00 | 3.74 7.2 0.0 35 2.0
3400 4.4 3.1 0.0 1.5 2.0
3500 | 4.23 2.1 0.0 3.5 2.0
21.50 | 3.91 8.2 0.0 3.5 2.0
30.10 | 3.94 16 0.0 3.5 2.0
31.10 |l 3.67 49 0.0 3.5 2.0
33.20 il 4.49 6.3 0.0 35 2.0
34,00 | 4.10 49 0.0 35 2.0
35.00 4.04 4.2 0.0 35 20
36.10 ] 3.94 4.3 0.0 35 2.0
4150 {411 2.9 0.0 35 3.0
44.20 || 4.28 38 0.0 35 3.0

Table 5.3: {continuing from the previous page)}
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In the fit, Mzs was treated as the only free parameter of the electrowenk
theory, as discussed in Chapter 1, and sin? 8y is related to Mze through equa-
tion 1.18 {Ar was fixed at 0.070). The QCD scale parameter Agrg was the other
free parameter in the fit. We used both the O{a}) correction and the O{a})
correction, and compared the results of the two fits. In the QCD calculation, the
number of flavors, ny, was taken to be 5 in the enregy region concerned, which
is consistent with the M § prescription {84].

For the O(a3) QCD correction, the third order correction factor, 1+Cy(as/7)+
Cy(as/m)? + Ca(as/n)®, wes used in equation 1.9. The relation between ag and
A5, which are correct up to O(a}), are obtained by integrating the third-order
renormalization group equation [85],

a
—*alnaisl = Bla) = —foa® ~ fra® — fra* = —foa® (1 +aa+t c;n’) , (5.41)

where @ = as/m, fo = $5(33 - 2ny), B = L(306 — 38ny), and B = (8T
830, + $n}); numerically, B = 1.617, ¢; = 1.261, and ¢; = 1.475 for ny = 5.

The result is

5 1 c1 caa o (1 +eca)
m: = — 4+ g, Utad
A Boa ﬁgn1+c1a+2ﬂun1+cla+c;u’
2¢y — ¢} 6+ 2ca ¢
+ tan ' — tan™! = 5.42
Vab, VE " V& (5-42)
%
. fe
AL = R (_'.) (5.43)
Bo .

where A = 4c; — ¢? [8). For a given Agg and a, as can be obtained by solving
the above equation iteratively. However, in order to faciliate quick evaluation
of ag, a look-up table for A’m/a vs. as was prepared and used for the fitting
calculations.
First, with Agz fixed at 0.2 GeV, we fit the AMY R values alone to obtain
Mze = BT.6¥35 GeV/c®  with O(a}) QCD, x/ndi. = 4.5/6. (5.44)
Here the fitting error is quoted at Ax? = 1.0, corresponding to a 68% confidence

level error. Roughly speaking, the fitting error is dominated by the 4.1% overall
normalization error.

Second, we fit all the R values listed in Tables 5.1-5.3 with the results;

Mza = 888’{:8 GCV/C.‘
with O{a2) QCD

Ags = 02973 GeV
X} /n.df. = 56.9/76, (5.45)

Mzo = 888720 GeV/c?
with O(a%)} QCD

Agrs = 0.17H1% GeV
x*/n.df. = 57.0/76. (5.46)
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The fitted curve is shown in Fig. 5.1; it describes all the data points well. The
contour plots of x* are shown in Figs. 5.2; the correlation between Mz and
Agz seems very small. Whether or not the third-order QCD corrections are
included, the fitied values of Mzo are almost identical and are very close to
that obtained by the fitling to the AMY daia alone. They are smaller than,
although marginally consistent with, that obtained at the CERN pp collider,
91.9 4 1.8 GeV/c?. The value of the Weinberg angle, sin? Oy = 0.2541001%, that
corresponds to Mze = 88.8 + 2,0 GeV/c?, is larger than, although marginally
consistent with, the world average value, 0.230 + 0.0048 [15]. The fitted value of
Az, on the other hand, are very different for the fits with and without third
order corrections. The value with the third-order corrections is about twice
smaller than thal without them. This result confirms the analyses by Gorishny
et al. [8] and Marshall (83]. The values of as(34°GeV?) are 0.149¥30%, without
the third-order corrections and 0.13475937 with them.

Since there is some ambiguity in dividing the systemalic error into the point-
to-point and the overall normalization error, we tried several different fits where
the error divisions were varied within reasonable limits. The fitting result is
found to be insensitive to the particular choice of divisions.

There might be, however, sizable correiations between different experiments
through, for example, the radiative corrections. Because most of the experiments
used the same program (BKJ) to ealculate radiative corrections, the systematic
errors in the calculation are correlated between them. The radiative corrections
due to hard photon emission are dependent on the hadronic cross section at
small /3 and therefore might provide a correlation between the R values from
different experiments. However, because the radiative corrections alwnys appear
as a product with the detector acceptance which are experiment-dependent, these
possible correlations may be less significant. We examined the effect of possible
correlations by introducing non-zero off-diagonal elements in V;; between the
different experiments. We set V;; = (1%)? for different experiments and found
that the results did not change significantly.

We also did fits without using the DORIS/CESR datia; these resulted in

Mz = 89.2%31 GeV/c? Agrz = 04373 GeV

with O(a}) QCD x}/ndf. = 52.9/67, (5.47)
Mz = 89222 Gev/(? Agz = 02547 GeV

with O(a}) QCD x*/n.df. = 53.1/67. (5.48}

A comparison of the Ay values so obtained with the results of Egs. 5.45 and 5.46
indicates that the QCD corrections are stable across the b-quark flavor thresh-
old. A is slightly higher without the DORIS/CESR data, but the large fit-
ting errors make this difference not very significant. These values correspond to
a5(34?GeV?) = 0.16115932 without the third-order corrections and as(34°GeV?) =
0.144*997 with them, in agreement with those obtained with the DORIS/CESR
data.
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Figure 5.1: The result of the fit for Mzo and Agg with O(a}) QCD. The
fitted curve is shown with the R values that are averaged in similar energy

regions. The dotted lines indicale a region allowed by the fitting error of
AMge = +2.0 GeV/c?.
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So far we have used the fixed value of Ar (=0.07), but since the estimation of
Ar is ambiguous mainly due to unknown i quark mass (see Fig. 1.6), we estimate
the effect of & different choice for the value of Ar by regarding both Mz and Ar
as free parameters in the fit. Here Ajrg is fixed at 0.2 GeV using the O(e}) QCD
relation. (In this case sin’fw is calculated from Mz and Ar using Eg. 1.18.}
This gives the resulis:

Mz = 87.6723 GeV/c’ Ar = -0.0333
with O{a}) QCD x*/n.df. = 56.3/76. (5.49)

The contour plot of x? is shown in Fig. 5.3. In Fig. 5.3 only a small dependence
of Mzo on the value of Ar is seen. Thus, the value of Mz obtained from the fits
to the R values tends to be small even if the size of the radiative correclions, i.e,
the ¢ quark mass, is allowed to vary. The fit values correspond to sin? S ~ 0.22B,
which is in good agreement with the world average value. It is worth noting that
the fit result for Ar indicates heavier ¢ quark mass, although its fitting error is
fairly large.

Our data contribute in determining Mze while their contribution to the deter-
mination of Az is rather smail, because the QOCD effects decrease logarithmically
to only about 5% at the TRISTAN energy. In order to evaluate how much our
dats contribute to the fit results of the electroweak parameters, simultaneous fils
of Mz and sin? 8 were made to our data only, the lower energy data only, and
all the data, and the fit results for these three cases were compared. (Azrg is fixed
al 0.2 GeV using the O(a3) QCD relation for these fits.) The results are shown
in Figs. 5.4 and 5.5. It is evident that while our data are rather insensitive to the
value of sin? 8y, its contribution in decreasing the errors of Mz is significant. It
ie also noticed that the values of Mz obtained without our data also indicate a
lower value as compated to thal measured at the CERN pp collider. The fit to
all the combined data resulied in

Mz = 87.6113 GeV/c?
with G(a}) QCD

sin® 0w = 0228153
X /ondf. = 56.3/76. {5.50)

The fit value of sin®fy agree very well with the world average value (0.230 &
0.0048). However, the value of Mz is somewhat smaller, although marginally
consistent with, that ‘obtained by the direct measurement {91.9 + 1.8 GeV/c?).

In summary, global fits of our R values, taken together with the lower energy
measurements, result in reasonably good x? values, and the fitted values describe
all the R values in a broad energy range well. The fits consistently give a rather
low value of Mze, ~ 89 GeV /¢, suggesting that our seemingly large R values
can be an indication of slightly lower Mzo than that measured ai the pp collider,
although it is still marginally consistent with the Pp result. The effects of the
third-order QCD corrections were also examined and found large: the resulting
Agps is about half that without the third-order corrections. However, the er-
rors from the fit are large {~ 100%). In terms of as, these results corsespond
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Figure 5.4: The contour plot of x? for the fits varying Mz and sin? 8. The
results of the fit to the AMY data only and that to the other data are compared.
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94
to as(342GeV?) = 0.13450%7 (as(342GeV?) = 0.149+2921) with (without) the
third-order corrections. These results are compatible with the values of Ags
measured by other methods {10}
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Figure 5.5: The contour plot of x? for the fits varying Mzo and sin? Gy. All the
data were used for the fit.
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Chapter 6

Conclusion

In this thesis we have reported on a study of the hadronic events observed by
the AMY detector a4 ithe TRISTAN ete™ collider.

With a data sample corresponding to an integrated luminosity of 19.3 pb™'
with center-of-mass energies ranging from 50 GeV to 57 GeV, a total of 2280
hadronic events were selected. The R values (or the total cross sections) were
then determined with an overall normalization error of 4.1% and point-to-peoint
systematic errors that range from 1.1% to 2.8%. The normalization error corre-
sponds to AMzo ~ 2.6 GeV/c? or Asin? 8 ~ 0.02 at /3 = 57 GeV.

For the first time, the complete electroweak calculations were used to correct
ihe data for the radiative effects, It was found that the approximate calcula-
tions used for the PEP and the PETRA expetiments begin to deviate from the
complete calculations as energy becomes higher, to the point where they are no
longer valid at the highest TRISTAN energies.

Although the 4.1% normalization error is reasonably small compared to that
of other experiments, possible ways to reduce this number were considered. We
have identified improvements that make it reasonable to expect that it could be
reduced down to about the 2% level, .

The R values thus obtained were compared to the standard model prediction
with five quark flavors. The results are consistent with the model, although the
data tend to be systematically higher than the prediction. Using this result, open
production of top quarks is excluded in our energy range with a 95% confidence
level.

By further examining event shape variables (thrust and acoplanarity), a more
gensitive search for new heavy quarks was carried out. No significant deviation
from the prediction with five quark flavors was found. At the highest energy,
57 GeV, 95% confidence level upper limits for the possible increage in R due
to the new heavy guark production were obtained as R; < 0.358 + 0.027 and
Ry5 < 0.325 + 0.024 for the heavy quarks with masses less than 27.5 GeV /et
Using the threshold behavior of the quark-parton model, conservative lower limits
of the new heavy quark masses of m, > 27.6 GeV /¢? and my > 25.5 GeV/c? were
established. More realistic limits including the electroweak and the QCD eflects
were also determined; the results are m; > 28.4 GeV/c? and my > 26.8 GeV/ct

It is, however, important o note that, because of its small expected cross
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section, the possibility of pair-production of ¥ quarks at our highest energies is
not completely excluded.

Finally, global fits of standard model predictions {o our measured R values,
together with results from lower energies, were carried out. The obtained x?
is acceptable, and the filted values describe all the R values reasonably well. -
Qur data, in spite of having smaller statistics, are more sensitive to Mzs than
the PEP and the PETRA experiments, and help to decrease the errors in the
determination of Mzs. The fits consistently give a rather low value of Mjo,
~ 894 2 GeV/c* It is suggested that our seemingly large R values can be an
indication of slightly lower Mz than measured at the pp collider, although it is
still marginally consistent with the Fp result,

The effects of including the recently cafculated third-order QCD corrections
were examined. The effects are large: the resulting Az is approximately half
that determined without the third-order corrections. This result casts a question
on the reliability of the QCD perturbative calculations for the R values. It may be
that the second-order corrections just happen to be small and the perturbation
series become stable for subsequent orders. However this question will have
to wait for the fourth-order calculations to be done; this is not expected to
occur any time in the near future. In terms of ag, these results correspond
to ag(s) = 0.134* 0007 (es(s) = 0.149*333)) at & = 34>GeV? with (without) the
third-order corrections and are compatible with the values measured by the other
methods.
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Appendix A
The CDC and its Calibration

The design, construction and operaiion of the Central Drift Chamber of the AMY
detector is described. The chamber has & very high cell density and operates in
a non-uniform magnetic field of more than 3 tesla. In order to make the chamber
transparent to X-rays in the 10 KeV range, low-Z materials were used in its
construction. The procedures used to calibrate the chamber and for determining
the relation between the drift-times and the drift-distances are discussed.

A.1 The Central Drift Chamber

In recent years, the use of large solid-angle magnetic delectors in conjunciion
“with colliding-beam storage rings has proliferated to the point where there are
about twenty such devices either currently in operation or under construction.
Most of these delectors are remarkably similar; typically there is a tracking region
that extends for 1~1.5 meter in a magnetic field of B ~1 tesla. The transverse
momentum (p;) resolution for such devices is given by the relation [87]

Ap, TP

» o TB/N {A.51)
where o, is the spatial resolution, L is the tracking distance, and N is the number
of measured points. With gas tracking detectors that have typical spatial reso-
lutions of ~ 150um, these systems provide a transverse momentum resolution of
order Ap/p, ~ 1% x p(GeV fc). Since the p, resolution is inversely proportional
to L2B, any reduction of the size of the tracking region requires a quadralic in-
crease in the size of the magnetic field, if one is to preserve the resolution. Thus,
a factor of 2 reduction in tracking lengih requires a factor of 4 increase in field
to the ~3 aor 4 tesla range.

In large solid-angle devices, a reduction in the size of the charged particle
tracking volume allows for a corresponding reduction in size for all of the other
elements of the detector. In addition to reducing the constraints on the configu-
ration of the siorage ring components, it can result in a significant reduction in
cost and enable the use of more expensive materials in the detection elements.
Also, backgrounds to muon identification caused by « and K decay-in-flight are
reduced.

9g

There are, however, many difficulties that must be faced when operating
detectors in such high magnetic fields. For example, in gas detectors, the bending
in the magnelic field causes the drift trajectories of ionization elecirons to make -
an angle with respect to the electric field line (the so-called Lorentz angle). In a
3 tesla field, this angle can be of order B0°, resulting in complex spiraling drift
trajectorics rather than simple straight line drift paths that are desirable in high
resolution drift devices.

The AMY detector is an atiempt to reduce the size of a general purpose
detector by using a 3 tesla solencidal magnetic field. The device consists of
tracking and shower detectors located inside of a solencidal magnet. The coil is
surrounded by a steel flux return yoke followed by a drift chamber/scintillation
counter muon identification system. The primary charged particle tracking de-
tector is a 40-layer cylindrical drift chamber {CDC) comptised of 25 axial and
15 small angle stereo layers. In this appendix we give a description of the AMY
CDC, including details of the design, construction and some results from our
initial operation in the 3 tesla magnetic field,

One of the challenges for a large solid-angle detector is to distinguish electrons
(and positrons) from the much more numerous charged  and K mesons that are
produced. In AMY, the intent is to exploit the fact that secondary electrons
produce synchrotron radiation as they bend in the high magnetic field. For
example, 8 10 GeV/c electron radiates 11 X-rays, totalling about 1 MeV in
energy, as it iraverses the tracking volume of the AMY detector. To exploit
these signals, it was necessary to make the CDC transparent to ~5 KeV X-rays.
This places restrictions on the structure and the materials used for the CDC;
aluminium wires were used for field shaping and the gas volume is contained
between very thin entrance and exit windows.

Mechanically, the chamber is a cylindrical structure containing 32,042 wires
(9,048 sense wires and 22,994 field shaping wires) strung beiween two endplates,
asillusiraied in Fig. 2.4. The endplates are held apart at the inner radius {r = 15
em) by a 1.0 mm thick tube made from KEVLAR and at the cuter radius {r = 67
cm) by six Aluminum posts. The endplaies are composite structures of 6 disks,
which hold the wires, and hoops, which separate the disks. The length of the
wires increases from 93.3 cm for the innermost disk to 179.8 cm at the outermost
disk. The component parts of the endplates are bound together both by stainless
steel screws and structural epoxy (3M 2216). In addition to providing structural
strength, the epoxy provides the gas seal at each mechanical interface. The gas
seal at the outer radius is provided by a single turn of 150 pm thick mylar foil.
The ouier mylar gas seal is supported between each of the six outer posts by thin
composite structures (“windows"} of aluminized mylar, ROHACELL foam and
ordinary mylar,

Each disk contains a number of cylindrical layers of close packed hexagonally
shaped drifi cells: a typical arrangement is indicated in Fig. A.1. Ionization
signals are detected by 20um diameter gold plated tungsten sense wires situated
at the center of each cell. The outer corners of the hexagonal cells are defined by
160pm diameter gold plated aluminum field wires. The sense wires are typically
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Figure A.1: The cell configuration of dnift cells in a CDC disk.
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Figure A.2: The mechanism to hold wires at the CDC endplate.

held at +1.8kV; this provides an electric field to cause the ionization electrons to
drift 1o the sense wire and a gas gain of approximately 40,000 due to multiplica-
tion processes near the sense wire. The average cell radius is 5.5 mm. Because of
the different radius of each layer, the cell size differs slightly [rom layer to layer.
Disk 1 has five cylinders of axial wires; Disks 2 through 6 each have 3 cylinders
of small angle slerec wires near the inner radius followed by 4 cylinders of axial
wires. The stereo angle is about 4.7%; it varies slightly from disk to disk.

The wires are held at each endplate by special bushings that are inserted in
holes in the disk sections of the endplates, as shown in Fig. A.2. The overall-
uncertainty of the position of the sense wires is of order +50um {¢). The wire is
held in place and connected electrically to the brass post of the bushing by means
of solder. Electrical connections to the sense and field wires are made by means
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Figure A.3: Diagram of a sequence of electronies processing the CDC signals.

of a set of printed circuit boards with minispring connectors arranged to match
the pins in the wire bushings. One set of inter-connection boa.r.(:ls slrupPed ali of
the field wires together and to ground. The other set is comptised O.f el‘ghl. layer
printed circuit boards that attach to the sense wires. These boa.rds distribute the
HV and pre-amplify the signals from each sense wire. In addition, i:hese boards
distribute and gate timing calibration signals for each of the electronics channels.
Tubes carrying cooling water are atiached to the endplates to remove the ~ 700
Watts of heat produced by the preamplifiers at each end of the drift chamber.

Signals from each sense wire are processed by a sequence of clectron.ic circui.ts
as illustrated in Fig.-A.3. A hybridized current sensing preamplifier with a gain
of 8 mV/uA and a rise time of 4.8 nsecs is mounted directly on the endplate of the
chamber and provides a differentially driven signal that is transformer coupled
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to an Amplifier-Discriminator circuit that is located near the detector. Sense
wire signals that are above ~ 1uA fire the discriminator, producing differential
ECL logic signals that are transmitied via twisted pair cable toc a FASTBUS
based TAC/ADC sysiem in a nearby electronics hut. The time resclution of the
TAC/ADC system is 0.3 nsecs (o).

A.2 Chamber Calibration

The detector is triggered on Bhabha events in the SHC by large pulse heights in
the shower counter and independently by two-track configurations in the tracking
chambers. A sample of approximately 1600 Bhabha scattering events {ete” —
ete ), collected at E., = 52 GeV, was used to evaluate the performance of the
central tracking chamber and the ceniral shower counter. We summarize the
results of these measurements here,

For no magnetic field, the drift trajectories follow the electric field lines as
shown in Fig. A4, and are easily understood. With a central field of 3 tesla,
the eflects of the large Lorentz angle results in complicated trajectories; Fig, A.5
shows a computer model calculation of what they look like. This is a big effect;
for B = 0, the maximum drift time is about 150 nsecs (corresponding to the
maximum drift distance of 5.5 mm), for B = 3 tesla this increases io about
700 nsecs. However, thanks to the hexagonal shape of the drift cells, contours
of equal drift-times (isochrones) are fairly circular for most of the drift region.
Thus, the drift-distance is simply a monotonically increasing function of drifi-
time, independent of the entrance angles of the particles.

We determined the time-to-distance function as follows. We have a pulser-
calibration system, with which we pulse the TAC modules and the chamber
every day to calibrate the timing and the linearity of the system. Using the
obiained calibration data, the data from the CDC are automatically converted
into nanoseconds, and relative timings between different channels are adjusted
lo coincide within 10 nsecs. By examining the leading edge of the drift time
distributions, the starting time (f,) was determined as a single constant for the
entire chamber. By noting that drift-distance is & monotonic funclion of drift-
time, a zero-th order time-to-drift function was guessed in such & way that the
obtained drift-distance disiribution would become flat.

With this simple time-to-drift function, the track finding program ACE could
reconsiruct the tracks in the Bhabha events very efficiently. The r-¢ projection
of the two tracks in the Bhabha event was then fitted to a circle. From the fitled
curves we can infer the distance between the trajeciory and the wire position
for each cell and use this to iteratively improve on the time-to-drift relation.
Corrections such ae flight-time of the particles and the propagation delay along
the sense wires are carried out here. A scatter-plotl of inferred dnft-distances
vs, the measured drift-limes for all cells is shown in Fig. A.6. The width of
this distribution, for a given drift-distance, which is & mensure of the resolution,
appears very broad. What is happening becomes clearer when we separate the
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inner cells in a given disk {cylinders 2 and 3) from the outer cells (cylinders 1
and 4). Fig. A.7, which shows the scatterplot for only the outer layers (1 and 4)
of each disk, demonstrates a curious forked stracture.

This forked distribution comes from a left-right asymmetry induced by the

combined effects of the Lorentz angle and an inner-outer E-field variation that
exist on the inner and outer layers of each disk [86]. One prong of the forked
distribulion corresponds to the drifts from the left for inner layers and from the
right for outer layers while the other prong corresponds to the apposite situation.
The drift from the left side of the inner-most layer of a band is similar to that
from the right side of the outer-most layer in a band and vice versa.

We have used a time-to-distance relation of the form

_{vot 1<,

volc + {F(1) — F(t.))(1+ a4B) t>{, (A.52)

where I, is 5 ns, vo = 44 pm/ns (the nominal saturated drift velocity in HRS
gas) and F(t) = /ol + 6287 + ast3. We use four different sets of coefficients a;,
one set for the lefi side of the inner-most layer and the right side of the outer-
most layer, etc. The term e, B is used to take into account the variation of the
magnetic field (it varies from +5% to -18% of its central value over the volume
of the chamber), With these drift functions, we get a spatial resolution vs drift-
distance as shown in Fig. A.8. At distances less than ~1mm, the resolution is
dominated by fluctuations in the ionization process and for distances greater than
~4mm by diffusion in the gas. In the region between, we measure our resoluiion
to be o = 170um. We get a measure of our momentum resolution by comparing
the curvature for the e* and e~ tracks in the Bhabha events as shown in Fig. A.9.
From the widih of this distribution, we infer a transverse momentum resolution
of 0.8% x p;, where p, is in GeV/c.

Because the field is non-uniform, charged particle trajectories are slightly
distoried from the simple helices that occur in a uniform field. At the high
resolutions that we are currently achieving, this is a non-negligible effect, To deal
with this, we use a perturbative technique that corrects the fitted trajectoties
for this effect. Upon application of this correction, the p; resolution improves to
0.7% x p,-

Thus we have successfully achieved excellent resolution. However, thete are
still necessary corrections that we have ignored that should further improve the
performance. First, the dependence of the entrance angles of the particles is
becoming important at the current leve! of the spatial resolution. Also, different
electric field strengths from layer to layer, due to different cell sizes at each layer,
require specialized layer-by-layer corrections. As we accumulate more Bhabha
events, gain more experience with the instrument, and study these corrections,
we expect this performance to continue to improve.
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Figure A.8: The spatial resolulion as a function of a drift distance.
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Appendix B
Track Reconstruction of CDC

Hadronic events observed at the TRISTAN ete™ collider tend to have narrow
jets of many charged particles. Reconetruction of the particle trajectories under
such circumstances is not an easy task and requires some special considerations
for both the hardware and software of the tracking device.

The central drift chamber {CDC) of the AMY detector features fine granu-
larity and a multi-band structure to aid efficient and fast tracking. The chamber
configuration of the CDC is indicated in Fig. 2.4 (Chapter 2). It consists of 6
bands; the innermost band has 5 axial cylinders of wires; cach of the outer 5
bands has 4 axial and 3 stereo cylinders of wires. This band structure allows
for the quick determination of independent track vectors at each band. The cell
configuration of an outer band is shown in Fig. A.1 (Appendix A). The staggered
hexagonal cell configuration enables a fast resolution of left-right ambiguities in
addition to providing high granularity and good performance under high mag-
netic field. '

We have developed a tracking algorithm named ACE (AMY CDC Event
Tracker), which makes the most of these features of the CDC to provide fast
and efficient track reconstruction, even for high multiplicity, narrow jets. This
program has been used to reconstruct charged tracks of the CDC for all types of
evenis observed by AMY.

We also use a second-stage tracking program, DUET [88], in order to improve
the result of ACE’s tracking for very complicated events. This program was
originally developed for the tracking of the CLEQ detector at the CESR ete”
storage ring.

In what follows, we describe the algorithms used to reconstruct tracks and
the current status of the track reconstruction.

B.1 Track Finding in r-¢ Plane

The algorithm of ACE consists of 3 steps: in the first step it finds tracks in
the plane perpendicular to the beam axis (the r-¢ planc); then stereo wires are
used to obtain z coordinates for each r-¢ track; in the third step, the chamber
corrections are made and the three-dimensional tracks are fit and the momentum
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Figure B.1: The response of & CDC band to charged tracks.

vectors are calculated. In this section we describe how ACE reconstructs tracks
in the r-¢ plane.
Firat of all, the hit axial wires are scanned. In Fig. B.1 we show an example
of the response of a CDC band to charged tracks which come from the primary
vertex, i.e., our co-ordinate origin. Two hit positions are indicated for each hit . . . .
wire because of the left-right ambiguities. High momentum tracks (i.e. pe > 1 Figure B.2: ACE's search window for vector reconstruction.
GeV /c) are always close to the radial direction and the resolution of the left-right
ambiguities is quite straight-forward. Lower momentum tracks, which traverse
outer bands with large angles relative to the radial direction, are also shown in
Fig. B.1. In these cases the mirror image of the correct left-right choice may
vield a “ghost™ track vector.

For each hit wire on the innermost layer (or next to the innermost) of a band,
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hit wites are searched for in the neighboring wires in the other layers of the
band. This search for hit wires is done within the pattern of the wires indicated
in Fig. B.2. This search region is sensitive to track vectors with p, as low as 250
MeV /¢ for the middle bands. Here we use a “road” method to find candidates
of track veclors with all the ambiguities resolved. At least 3 hits (each hit in
a different layer) are required to make a vector. This allows for ene {or two in
the case of band 1) missed hit in a band, reducing our sensitivity to chamber
inefficiency and hit sharing two close tracks traversing the same wire cell.

All the vector candidates are then fitted to straight lines of the form, ¥, — ¢ =
£(r; — 1), where i =1,2,34. Here r; refers to the radius of the i** layer of
the band, and 3; the azimuthal angle of the corresponding hit. ¢ and ¢ are
obtained from the fit. Only the vectors with reasonable x* are accepted. The
“ghost vectors,” which usually have as good x?, are also accepted. Note that
by reconstructing vectors we efficiently reject noise hits caused by background
synchrotron radiation, electronics noise, etc.

Using the assumption that the track is a circle passing through the origin,
the track parameters C and ¢g are calculated from ¢ and ¢ for each track vector,
where C is the curvature of the track circle (defined as an inverse of the radius)
and ¢ is the azimuthal production angle (see Fig. B.3) [3]:

2sin 2
Lat !

po=¢-p, C= (B.53)
where # = arctan(ri£). All the track vectors that are part of ithe same track
should have the same values of C and ¢o. Comparing C and ¢y for vectors in
different bands, therefore, enables us to find complete tracks very quickly. Shown
in Fig. B.5 is & ¢-C scatter plot of the vectors for the sample event shown in
Fig. B.4. {This is a real event observed at /a = 55 GeV.) Clusters of points

corresponding to tracks are clearly seen.

As can be seen from Fig. B.5, the vectors tend to cluster along lines with sim-
ilar gradients, this is because the errors in caleulating € and those in ealculating
¢o are closely correlated. It is easily shown from Eq. B.53 that

241 ~{nC/2)
L __#)__ (B.54)
dgo L
For tracks with p; >400 MeV/c, i.e., r;C/2 € 1, this equation reduces to
dC/dge ~ —2/r,. _ (B.55)

The average value of 2/r, for the CDC is about 0.045 cm™!, which agrees with
the global slope of Fig. B.5.

Since clusters tend to be separate along the direction that is perpendicular to
the global slope (welabel the coordinate along this direction ¢g), a parallelogram.
shaped window, as indicated in Fig. B.5, is used to search for clusters. In order
to properly define distance along ¢g, the distances along the C and ¢ axes are

track
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band

Figure B.3: Track geometry for a uniform magnetic field.



116 17

W
! + + + +3
0.04 [ R
- + + b -
- + ¥ i
S i — * o +HF ]
N + . Ht+ +_]
- + 4
" M TN S E i
L "'_" + + +‘$ + h
E - globel slope ﬁ—i Frae WA
“_E‘, 0.00 I— * # + " -_J
o i M ;Sh-* séhrch'wﬂnduwﬁ- i 2
H | ++ T
] ! "? &+ """f ; e 7
_ | + ]
é 0.02 4 F : . ++"" $ i
X 4+ f ++ k ]
N + + |
—0.04 | * + ]
1l 1 "; l \ 1 1 L ‘ T =

0 4 8

$o (radian)

Figure B.4: Au example evenl reconstructed by ACE.

Figure B.5: An example of a scaﬂchploi of 9o
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rescaled according to the calculated errors of C and ¢o (6¢ and o4 ). These are
estimated from the spatial resolution of CDC. Searches for clusters start from
the oulermost vector and go inward. A found cluster is stored only if it contains
vectors from different bands. Two vectors are enough to make a cluster. The
size of the window is taken io be large enough, typically three times the expected
epread (4+3¢) of the cluster, to avoid disiributing vectors from the same track
into two clusters. If all the vectors in the outermost band are exhausted, then
the vectors in the next outermost band that are not members of any cluster are
used to set windows. This process is repeated until all the vectors in the outer
bands (bands 2-6} are tried.

A cluster thus found usually contains ghost vectors in addition to real ones.
Furthermore, it may consist of two close tracks. Therefore, good combinations of
vectors have to be identified inside of each cluster. Here we utilized a modified
“Link-and-Tree” method |88] to find good track candidates in the cluster. We
treat a veclor as a “super-hit”, which is the elementary linking object in the
“Link-and-Tree” method. Two vectorsin adjacent bands are linked if the distance
between them in the rescaled ¢o-C plane is smaller than a certain value. By
linking all possible combinations of vectors in the cluster, we make “trees” of
vectors. Then Lhe Jongest chain in the tree is chosen as the best track candidate.
{The length of the chain is defined as the number of vectors in it.) Because
al this point the track parameters (¢ and C) are already known {o a good
precision, the drift distances are corrected using them and possible missed hits
due to inefficiencies in the vector-finding procedure are searched.

The best track candidate in the cluster is then fit to a circle. Note that only
reasonably good track candidates can survive to the point of being fit; thus time-
consuming circle-fits are avoided as much as possible. Only those circle-fits that
result in a good x* are finally accepted. We do not accept a track whose closest
approzch 1o the origin is more than a certain value {(typically 5 cm), reflecting
earlier assumptions made for calculating C and ¢o. (This number, 5 cm, is
determined according to the size of the search window used for the clustering
procedure and, therefore, depends on the spatial resolution.) For the accepted
tracks, the hits located far from the fitted irack are eliminated while new hits
that are within an acceptable distance from the track are included. This process
of fitting and refining the hits is repeated until no hit gets rejected or newly
accepted.

B.2 Z-Reconstruction and Final Fits

For each 7-¢ track thus found, z coordinates are reconstrucied by selecting an
appropriate combination of stereo hits. (We call it a z-track.) Reconstructed r-¢
tracks with many hits and low values of x? are likely to be good high momentum
iracks and are subjected to the z-track reconstruction first. For each r-¢ track,
all the hil stereo wires which cross the track in the r-¢ plane are collected. The
z-coordinate and the arc tength, s, defined in Fig. B.3, are then calculated for
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Figure B.6: An example of 8 8-z plot.

cach stereo hit. It is easy to see that z and a are in proportion to each other for
those hits that comprise a real track. As an example, we show in E:‘ig. !3.6 the
s-z scalter plot of the stereo hits collected for one of the r-¢ tracks in Fig. B.4.
The correct z-track appears as a straight line in the plot. Therefore the z-irack
reconsiruction is equivalent to finding straight lines in the s-z plot. We adopted
an algorithm very similar to that used for the r-¢ track finding: first track vectors
are reconstructed in each band; then, using a modified “Link-and-Tree” mct.hod,
the vectors are linked and the z-track candidales are sorted out; finally 2 stra:gh?.f
line fit is applied and the best track which passes the final criteria is stored. It: is
important to note that, unlike the r-¢ tracking, the z-track finding has no bias
toward tracks coming from the primary vertex. o
Since we have only 3 layers of stereo wires in each band, vectors consisting
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of only two hits are also accepted. This choice leaves us many fake vectors; with
left-right ambiguities, iwo hits yield 4 vectors in total. In order to limit the
number of vectors, we reject vectors that extrapolate to more than (typically)
50 cm away from Lhe primary vertex at s = 0, and vectors whose directions are
almost parallel to the beam axis are also rejected.

Subsequently, the vectors are linked by comparing their gradients and inter-
gections in the a-z plot. Any three vectors which are linked in a row are regarded
as a tree only if the gradient between the first two vectors is close to that for
the last two vectors. This efficiently helps reduce the number of trees. However,
we keep as many track candidates as possible, and reject them only after fits,
because the straight-line fit is much faster than the circle fit. Finally, the best
z-track, whose x? is better than a certain value and whose |zol (20 is 2z at the
smallest r) is less than 50 cm, is chosen and associated with the r-¢ track.

At this point, since we have tracks that are reconstructed in three dimensional
space, the final chamber corrections are carried out using the track parameters to
identify where the track passes through the chamber. The chamber corrections
include the time of flight of the particles, the signal propagation time along the
sense wire, and the left-right and z dependence of the time-distance function.
After these corrections are made, each track is fit to a helix, Because there is
a sizable non-uniformity of the magnetic field inside the CDC, a fitting routine
that takes this non-uniformity into consideration is finally used (Appendix A).
Since this routine corrects the particle’s irajectory itself, the correct direction
of the particle at any spatial point can be obtained in addition to the correct
momentum vector.

B.3 Results of Tracking

We have been running ACE with our real and simulated events on the FACOM
M-382 system of the KEK computer center. In the following, we present the
current status of the ACE tracking.

ACE is very fast: it takes less than 20 meec per track for a typical multi-
hadronic event, whether it is simulated or real, on a FACOM M-382 computer
(Fig. B.7). It is also quite efficient: roughly 95 % of the particles coming from
within 5 cm of the primary vertex and with p, > 500 MeV in simulated hadronic
events are Teconstructed with the quality expected from the assumed spatial
resolution (Fig.B.8).

However, there are a few drawbacks to ACE. First, it fails to find tracks that
do not pass nearby the origin, so some secondary particles which are created at a
distance from the primary vertex may not be reconstructed. But since the track
vectors of those secondary particles are already reconstructed by ACE, it would
not be difficult to extend the current algorithm so that they could also be linked
to form tracks. Secondly, ACE is not very efficient for low momentum tracks,
i.e., tracks with p, < 400MeV /c. This is because at least two fairly radial vectors
are required for reconstruction. This problem could be solved by expanding the
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gearch pattern for the vectors after the high momentum tracks have been found.

Thus, these problems are likely to be overcome by slight modifications of ACE
that are forth-coming. But, currently, in order to curc these problems, we have
adopted the use of a second-stage tracking program, DUET [89).

DUET was originally developed for the tracking in the CLEO detector at the
CESR ete~ slorage ring. By modifying and adding some routines to the code,
this program was adjusted for tracking in the AMY CDC. The necessary modifi-
cations included the re-definitions of the detector geometry, the modification of
the input/output data structures, and the adjustment of the sections of the code
that performed the chamber corrections. Many parameters inside the code had
to be tuned so that more efficient and faster reconstruction could be achieved.

In this program, the Link-and-Tree method developed by Kowaiski and Cas-
sel [88] is further extended. The Link-and-Tree method is an unbiased and ex-
haustive search method which proves to be faster than a conventional Road
method. At the price of providing high quality tracking, DUET consumes a con-
siderable amount of CPU time. Therefore, DUET is used only to improve the
tracking of ACE. It takes the tracks found by ACE, refines them, and also tries
to reconstruci missed tracks. In this way DUET refines or finds secondary tracks
that were biased or missed by ACE.

Several schemes to improve DUET’s slow tracking were devised. For example,
only about half of the axia) layers are used for the track finding, while all of
them are used in the final fitting, {On the other hand, all the siereo layers are
used in both stages, because the tracking of the stereo wires is relatively faster.)
Some low momentum tracks, which curl around inside the CDC because of the
3 tesla field, leave many hits in the chamber. Clumps of hits created this way
cause DUET to try an almost infinite number of combinations of the hits for
its disparate search for tracks. This problem was solved by artificially deleting
some of the hits if there are such clumps of hits. Currently, it takes about 15
seconds to process & typical hadronic event through DUET (on a FACOM M
382). As evidence for the good tracking schieved by ACE and DUET, a signal
corresponding to K — wtx~ in the hadronic event sample has been efficiently
reconsiructed (see Fig. B.9). '

B.4 Conclusion

Here, we have described a new track finding program designed to take full ad-
vantage of the band structure of the AMY CDC. This program, ACE, has been
successfully used as a charged track finder for events of all types that are being
studied by the AMY collaboration. It serves the purpose of intensive tracking
for very complicated events with high multiplicity with help of a second-stage
tracker, DUET. Furthermore, because it is fast, it is also used at an early stage
of event selection to filier Jarge samples of data.

It is demonstrated that a tracking device that allows for the local reconstruc-
tion of track segments is very powerful for analyzing complex events with narrow
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Appendix C
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