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Abstract

The B°B° mixing parameter, x, has been measured in ey events in proton-antiproton
collisions at a center of mass energy of 1800 GeV. The experiment has been performed
at the Fermi National Accelerator Laboratory in the United States using the Tevatron
accelerator. The data were collected with the Collider Detector at Fermilab (CDF)
during the 1992-1993 Tevatron collider run. The corresponding integrated luminosity is
20 pb~'.

The B°B° mixing is a process by which neutral B-mesons oscillate into their anti-
particles (B® <> B°). In the absence of mixing, the direct semileptonic decay of a bb pair
produced in pp collisions results in a pair of leptons with opposite charge. The B° or B°
may undergo mixing, resulting in a like-sign (LS) lepton pair. The magnitude of mixing
is determined from the ratio of like-sign dilepton pairs to opposite-sign (OS) dilepton
pairs. In this thesis, electron-muon pairs were used as the dilepton pairs.

The CDF detector is a general purpose detector built to explore pp collisions. It covers
almost the full solid angle around the pp interaction point. The CDF detector consists
of tracking detectors and calorimeters for measurements of the particle momentum and
energy. In order to identify muons, muon detectors are installed at the outside of the
detector. Electrons, photons, muons, neutrinos, hadrons and jets are identified using
these detector components.

We describe identification of muons and electrons, and then event selection of bb
events. To remove events in which both leptons are produced by one B meson, it is
required that an opening angle of the electron and muon is large enough. We apply
the requirement that the transverse momentum of leptons to jet axis, Pr¢, is large
enough for bb events. This requirement significantly reduces background and systematic
uncertainty. 1710 opposite-sign and 861 like-sign eu events are found after the event
selection.

Then the estimation of the background is described. We estimate the fraction of fake
ep events using J/1, K, and ¢ samples, minimum bias data and Monte Carlo simulation.
Most of the background for ey events are pairs of real-electron and fake-muon. The main
source of the fake muons is decay-in-flight of hadrons. The systematic uncertainty in
estimating the fake muon fraction is substantially reduced by using a newly installed
muon detector.

Like-sign lepton pairs also produced by semileptonic sequential decays of B® or B°
mesons. The fraction of sequential decays is estimated from Monte Carlo bb events
taking into consideration the uncertainties in the structure functions and fragmentation
functions. The fraction of direct c¢ production is estimated directly from data by fitting
the Monte Carlo Pj¢ distribution of leptons from direct and sequential decays as well
as from c¢ production to the observed spectra.

From the above analysis, we obtain

x = 0.130 + 0.010(stat.) £+ 0.010(syst.).




This result improves the previous CDF result by a factor of 3 and is one of the most
accurate measurements of y at the present time. It is consistent with other measurements
and also with the expectations from the standard model.

Since both neutral B mesons, B} and B?, are produced in pp collisions, the mixing
parameter for B,, ., is estimated by using the mixing parameter for By measured by
the ARGUS and the CLEO groups in ete™ collisions and by assuming the fractions of
BY and B? mesons produced in bb events.
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plicity of charged hadrons with Pr > 3 GeV/c and || < 0.6. The leptons
are removed in this distribution. The hatched area in multiplicity one bin
in (b) and (c) represents negatively charged tracks and hadrons. . . . . .
The fraction of the sequential decays for different Peterson parameter
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The difference between the numbers of OS and LS events as a function of
P;el (a) for muons and (b) for electrons. The points are observed data.
The bashed line represents bb Monte Carlo data, the dotted line czZ Monte
Carlo data, the dot-dashed line fake lepton events, the solid line the sum
of these three. The Monte Carlo data are generated using MRSD0—'
structure function set. The contributions from c¢ and fake lepton events
are not clear by visible for the electroncase. . . ... ... .. .. .. ..
The difference between the numbers of OS and LS events as a function of
P! (a) for muons and (b) for electrons. The points are observed data.
The bashed line represents bb Monte Carlo data, the dotted line c¢Z Monte
Carlo data, the dot-dashed line fake lepton events, the solid line the sum
of these three. The Monte Carlo data are generated using EHLQ structure

function set. The contributions from ¢¢ and fake lepton events are not

clear by visible for the electroncase. . . ... ... ............
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6.1

The difference between the numbers of OS and LS events as a function of
P;¢! (a) for muons and (b) for electrons. The points are observed data.
The bashed line represents bb Monte Carlo data, the dotted line c¢ Monte
Carlo data, the dot-dashed line fake lepton events, the solid line the sum
of these three. The Monte Carlo data are generated using DFLM 260
structure function set. The contributions from c¢ and fake lepton events
are not clear by visible for the electroncase. . . ... ... ... ... ..
The difference between the numbers of OS and LS events as a function
of P;¢! (a) for muons and (b) for electrons. The points are observed
data. The bashed line represents bb Monte Carlo data, the dotted line
cc Monte Carlo data, the dot-dashed line fake lepton events, the solid
line the sum of these three. The Monte Carlo data are generated using
MRSDO0—" structure function set. In this distributions, numbers of fake
muons and electrons are normalized to 70 + 23 and 29 + 77, respectively.
The contributions from c¢ and fake lepton events are not clear by visible
for the electron case: &0 . 4w b lils e o B o T i S 1 8 s B
The difference between the numbers of OS and LS events as a function
of P;¢ (a) for muons and (b) for electrons. The points are observed
data. The bashed line represents bb Monte Carlo data, the dotted line
cc Monte Carlo data, the dot-dashed line fake lepton events, the solid
line the sum of these three. The Monte Carlo data are generated using
MRSDO—' structure function set. In this distributions, numbers of fake
muons and electrons are normalized to 70 — 23 and 29 — 77, respectively.
The contributions from c¢ and fake lepton events are not clear by visible
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6.3
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B.1

B.2

The mixing parameter for B} versus that for BY assuming that P; and
P, are 0.391 and 0.117. The x4 range is the ARGUS (1992&1994) and
CLEO (1993) combined result of 0.15 + 0.03. The bands represent +1o
T COTTRITITT A fo S gt Tl otk R T e R s i
The mixing parameter for BY versus that for B” assuming P, and P, are
0.391 and 0.117. The x was calculated from our result and average value in
the Particle Data Book. The x4 is estimated by the ARGUS (1992&1994)
and CLEO (1993) combined result of 0.15 4- 0.03. The 68.3% (solid) and
95% (dashed) confidence areas are shown. . . ... ... .........
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The probability distributions of f,. The structure functions for the top,
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with Peterson fragmentation parameter € = 0.003 (0.006 or 0.009). . . . .
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Chapter 1

Introduction

1.1 Standard Model

The Standard model is a model which can explain well all the observed phenomena
at high energies in the present time. In the model, matter interacts with each other
through three force mediators. The matter consists of quarks and leptons which are
spin 1/2 particles and are called fermions. The mediators are spin 1 particles and
are called gauge bosons. Correspondingly to the gauge bosons, there are three types
of interactions: the strong (gluon), electromagnetic (photon) and weak (W’s and Z)
interactions. The standard model does not include gravitational interaction, but the
observed phenomena are explained well without it because the effect of the gravitational
interaction is negligibly small.

The quarks and leptons form sequential doublets as shown in Table 1.1. The common
sequential structure of leptons and quarks is often called the family structure. The quarks
and leptons of the three families are directly and/or indirectly confirmed experimentally.
The top quark was observed by CDF and DO experiments in last spring [1, 2]. The
mass of the top quark is measured to be 176 +8 4+ 10 GeV/c? by the CDF experiment.

The weak isospin eigenstates of quarks (g’) are not identical to the mass eigenstates

(¢). They are related by a unitary mixing matrix called Cabibbo-Kobayashi-Maskawa




Leptons (:) (:) (:)
i 6

Table 1.1: Leptons and quarks of the Standard Model

(CKM) matrix [3]

d/ Vud Vus Vub d
8 |=| Ve Voo Vs - (1.1)
b’ Vie Vis Va b

The values of the matrix elements are not calculable in the standard model but must be

determined experimentally. The 90% confidence limits on the magnitude of the matrix

elements are listed below [4].

0.9747 to 0.9759 0.218 to 0.224 0.002 to 0.005
Vi;l =1 0.218 to 0.224 0.9738 to 0.9752 0.032 to 0.048 (1.2)

8

0.004 to 0.015 0.030 to 0.048 0.9988 to 0.9995

Due to the unitarity the elements can be parameterized [3, 5] in terms of three angles

and one phase:
C1 —381C3 —3183
§1Ca  C€1CaC3 — $283€  ccp83 + s2c3€™ (1.3)

S§182 C1872C3 = 6233616 C18283 — (:263816

where ¢; = cosb;, s; = sinf; for 1 = 1,2, 3.




1.2 Basic formalism of mixing mechanism

In this section we describe basic formulas of neutral B meson mixing [6]. The mix-
ing proceeds by a second order weak interaction as described by the “Box-diagrams”
(Figure 1.1). The B°B" system is given by the phenomenological Hamiltonian matrix
B* M —iT/2 M, —1'15/2 B
2t . = - ; (1.4)
B° My, —il},/2 M —iT/2 B°
The diagonal terms describe the decay of the neutral B mesons with M being the mass
of the flavor eigenstates B and B° and T their decay width. The Off-diagonal terms
are responsible for the B°B transition. M, and I';, can be determined from theory
by evaluating the box-diagrams. M, corresponds to virtual B°B° transitions while Ty,
describes real transitions due to decay modes which are common to the B° and B°,
such as B, B —» wt7~ or D*D~. In contrast to the case of the K°K° system these
common decay modes are Cabibbo suppressed and therefore represent only a very small
fraction of the total B decay rate. The term I'y, in the B°B° system can therefore be
neglected in practical calculation. Diagonalization of the Hamiltonian matrix leads to
the CP eigenstates B; and B, which are linear combinations of the flavor eigenstates.

Neglecting CP violation we obtains:

1 o
|B1) = 7§(|BO> + |B%)) (1.5)
1 0 R0
| Ba) = %UB ) —|B")) (1.6)
with masses M; , and T'; 5:
AM
2
AT
Fig=T+— (1.8)

2




The mass difference AM and the decay rate difference AT are given by:

AM = 2Re\/(M; — iT12/2)(M;, — iT55/2) (1.9)

and

AT = —4Imy/(Mys — iT12/2)(Mi, — iT5,/2). (1.10)

The mass difference AM is a measure of the oscillation frequency to change from a B°
to a B® and vice versa. This is easily seen from the time evolution of one particle which
at time ¢ = 0 is a B°. The probability to find a B® (B°) at a time ¢ is given by Wpo(t)

(Who(t)):
Wao(t) = i[e:cp(—I‘lt) + exzp(—Tst) + 2exp(—TI't)cosA Mt (1.11)

I
Wgo(t) = Z{emp(—F]t) + exp(—Tat) — 2ezp(—T't)cos A Mt] (1.12)

The measurements of these time dependences allows to extract the values of AM, T

and T,. From time integrated rates N(B°) and N(B°)

oa il it 1 2T
N(B°) = Wasli ot = sl = b ————s 1.13
x £ 0 Sl 1 2T
NB“:/ Wil jdh = & o e 1.14
( ) 8 B () 4[Fl _’—1-\2 [\2+(AM)2} ( )

we can determine the parameter 7:

i o) (1.15)

With AT =~ 0 as a consequence of I'j; ~ 0 for B°BC system, the determination of r gives

a measurement of the ratio of the oscillation frequency and the decay width:

1:2




AM
= e R AT
o= (1.17)

The pp colliding experiments can measure the ratio r and the time dependent proba-
bilities. The ratio is measured by using events in which both bottom quarks decay to
leptons without knowing secondary vertex points. The time dependent probabilities are
able to be measured by using events in which both bottom quarks decay to leptons and

measuring the secondary vertex.



Figure 1.1: Feynman diagrams for the B°B° mixing process.



Chapter 2

Mixing in Neutral B Mesons

2.1 B meson production

2.1.1 bb production

In lowest order QCD, bottom quarks can be produced via gluon or a quark fusion
mechanism, as shown in Fig. 2.1. Since the strong production process conserves fla-
vor quantum number, b and b quarks are always produced in pairs. The gluon fusion
processes dominate at the Tevatron collider energy.

In the ¢ and b quark productions, we have to take into consideration next-to-leading
order diagrams, as shown in Fig. 2.2. The reason why higher order processes are as
important as the lowest order ones is due to the large gluon-gluon scattering cross
section. The process gg — gg has a cross section about 100 times that of gg — bb.
Even though the g — bb branching fraction is only 1%, the bb production from the gluon

splitting process is competitively as large as the lowest order contribution.




2.1.2 b quark fragmentation

When heavy quarks @ hadronizes, the heavy quark fragmentation function can be writ-

ten as

(2.1)

DH -~
where Eff and E? are the energies of the hadron H and the quark Q, PHH is the mo-
mentum component of the hadron H parallel to the quark momentum (P?) direction
and z = (B + PH”)/(EQ + P?). The D{{(z) is the probability that the heavy quark Q

fragments to hadron H with value z, where € is a constant proportional to l/MZ? The

normalization constant Ny is determined by

;/Dg(z)dz =5 (2.2)

where the summation is over all hadrons containing heavy quark ). This formula agrees
well with experimental measurements for b and ¢ quarks. The measured value of € for b
quarks [7] is

e, = 0.006 + 0.001 + 0.002, (2.3)

where the first is statistic a uncertainty and the second is systematic. The fragmen-
tation function Dg(z) for b and ¢ quarks are shown in Fig. 2.3. We can see that the
bottom quark fragmentation is much harder than that of the charm quark. The hard

fragmentation for b quark clearly favors the detection of its daughter leptons at high Pr.

2.2 B’ BY mixing

Especially in the case of B, mesons where g stands for either an s or d quark, Eq. (1.17)

1s written by

e 2 . (2.4)




Another parameter describing time-integrated mixing is x,. This parameter describes

the probability that a produced Bg will have mixed into a B(? by the time it decays.

Xge = N(BO) (25)
N(B(? — BS) + N(Bg == Bg)
= ¢ (2.7)
LA,
2
= AR ST 2.8
2(1 + mg) )

The possible range of these parameters are

(S AR R (2.9)
0< x < % (2.10)
The time dependence of the (B® — B°) probabilities is rewritten as
Wo(t) = %[exp(—l‘lt) + ezp(—Tat) + 2ezp(—Tt)cosA M) (2.11)
Wao(t) = 41[6:13])(~F1t) + ezp(—T'yt) — 2exp(—T't)cos A Mt] (2.12)

Figure 2.4 shows the probabilities of finding B® and B° in an initially a pure B° state
for B} and B? mesons.

When B meson mixing occurs by the second order W exchange, as shown in Fig. 1.1,
any of the quarks t,c,u can participate in the box diagram but the ¢ quark is expected

to be dominant due to its high mass. When the matrix elements are evaluated, we find

s 2 " P
13q = (AAI/F)HG = GJQmZTBqBquéqMBq;Mq‘/tbly i t)UQCD (213)
t

where ¢ stands for either an s or d quark, G is the Fermi constant, 75 is the B° lifetime

and 7o p is a correction from the mass scale dependence of the strong coupling constant.




Taking Bj as an example, we review the current knowledge of these parameters:

o Tpg,

T8, = 1.29 £ 0.5 psec [4] (2.14)

d

Mg, = 5.278 GeV [4] (2.15)

o A(z)/z is a slowly decreasing monotonic function varying from 1 at my,, = 0 to

about 0.6 at m,, = 150 GeV where 2z, = m?/m};.
e ngcp 1s a QCD correction and estimated to be about 0.85.

o Bg- fj describes the uncertainty about the hadronic matrix elements. The QCD
coupling becomes large for low momentum transfer and thus perturbation theory is
not applicable. This means that the value cannot be directly calculated. However,
calculations using lattice QCD can estimate an approximate number. The standard

value, combining the available theoretical and experimental information [8] is;

Bg,f5, = 140 + 40 MeV (2.16)

The |Vi4| is estimated to be ~ 0.004 putting the above values, the top mass measured
by CDF and measured z4 by ARGUS and CLEO [9, 10].

There are many uncertainties in the calculation of x, but they all cancel when we look
at the ratio of B) mixing and B? mixing. If we assume that the above five parameters

are the same for B} and BY mesons, we find

Vid
Vis

3 (2.17)

Il

Ld
Ty

The only factor that remains is the ratio between the CKM matrix elements. From the



unitarity of the CKM matrix the ratio is estimated to be

B<0.17 (2.18)

If we use this parameter to make a relationship between x4 and x, we find

Xd < B°xa/[1 — 2x.(1 — B%)] < 0.0289/(1 — 1.9422x,) (2.19)

Since Bj or B mesons are produced in pp collisions, we define the mixing parameter,
x, and flavor tagging made by looking at the charge of leptons by

N(b— B° — B° §0)

NG ) (2.20)

X:

where N(b — [*) is the number of b quarks directly decaying to leptons and N(b —
B" — B — I*) is the number of b quarks directly decaying to leptons via B°B° mixing
process. The denominator includes all possible hadrons formed with the b quark, i.e,

BY, By, B?, etc. Since we do not distinguish between B} and B?, the mixing parameter

u’

1s written as

- N(b— B® - BY - I+) o
N(b— %) y

N (b)prob(b — B )prob(B; — B})Br(B} — It)

N(b)prob(b — By )[prob(By — Bif)Br(Bf — It) + prob(By — By )Br(By — 7))
+N (b)prob(b — BY)prob(B) — BY)Br(BY — IT)

+N(b)prob(b — BY)[prob(By — BY)Br(B) — It) + prob(B} — BY)Br(Bj — 1-)]
+N(b)prob(b — B%)prob(BY — B%)Br(BY — IT)

+N (b)prob(b — BY)[prob(BY — B9)Br(B? — It) + prob(B? — B?)Br(B9 — 1))

+N (b)prob(b — Baryon,)prob(Baryon, — Baryon;)Br(Baryon; — IT)

+N(b)prob(b — Baryony)[prob(Baryon, — Baryon;)Br(Baryon; — 1)

+prob(Baryon, — Baryony)Br(Baryon, — 17)]
(2.22)

where N(b) is the number of b quarks, prob(b — B,) is the production probability for




B, prob(B, — B,) is the probability that a produced B, will have mixed into a B, and

Br(B, — 1) is a branching ratio for B, — [ decays. Since

prob(B, — B") = prob(Baryon, — Baryon;) = 0, (2.23)
prob(B2 — B3) = xt (2.24)
prob(B? — BY) = x, (2.25)
and
prob(B, — B,) + prob(B, — B;) =1 for b hadrons, (2.26)
we obtain
~ N(b)prob(b— BY)xaBr(BY — 1) + N(b)prob(b— B%)x,Br(B? — I) (2.27)
e N(b)Br(b — 1) :
_ N(b)prob(b— BY)x4Br(By — 1) 3 N(b)prob(b — BY)x,Br(B? — IT) (2.28)
B N (b)Br(b — I*) N(b)Br(b — I*) :
=0\ Br(Bg — I*) ~o0\ Br(B; — I*)
= —4 —— el — _ 2.
prob(b — By) T CE) Xd + prob(b — B;) Br(b = %) Xs (2.29)
= Paxd t+ PsXs (2.30)
where

Br(b— 1) =
prob(b — B, )Br(B, — 17)+
prob(b — BY)[prob(B} — B})Br(BS — IT) + prob(By — By)Br(Bg — 17)] +
prob(b — BY)[prob(B? — BY)Br(B) — 1) + prob(B® — BY)Br(BY — I7)] +

prob(b — Baryon,)Br(Baryony — 17), (2.31)

N(B:(i)(s) % BS(S))

Xd(s)




_ ' N(‘Bc(f)(s) i Bff)(s)) | (2.33)
N(Bg, — By,)) + N(Bg, — Bys)

and

Br(BS, — 1" X)

Br(b— I£X) iy

P{l(s) = prob(b sy Bg(s))

When a pair of bb quarks is generated and both directly decay to leptons (b — [+ X),
there are three different cases: (1) neither b nor b quark undergoes mixing, (2) either b or
b quark undergoes mixing, and (3) both b and b quarks undergo mixing. The fraction of
case (1), (2) and (3) are (1—x)?, 2x(1—x) and x?, respectively. Taking into account the
fact that the lepton charge flipps if the mixing occurs, one can easily find that a ratio of
the number of like-sign (LS) dilepton event to that of opposite-sign (OS) dilepton events

is expressed by the mixing parameter x as

the number of LS dilepton events  2x(1 — x)

= A 2160
the number of OS dilepton events — x? + (1 — x)? ( )

Therefore, the mixing parameter can be derived by measuring the ratio of LS to OS
dilepton events.

The mixing parameter, x, can be estimated from Eq. (2.35) in principle, but some
complications arise in actual analysis, due to sequential decay processes and background

contributions.

2.2.1 Previous measurements of mixing in the B} and B? sys-

tem
Observation of BYBY mixing at Y(45) [6]

The study of the BBY mixing phenomenon is particularly simple at the Y(4S) which
decays about a half of the time into a B°B° pair.

Since no other particles are produced besides this pair, the T(4S5) is a clean source

of By mesons which can be reconstructed or efficiently tagged. Background from ete”
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continuum contributions under the T(45) can be studied experimentally at the center-of-
mass energies below the Y(45) mass. The investigation of the B;B, mixing phenomenon
on the YT(45) has led to its observation by ARGUS and CLEO.

On the T(4S) the straightforward strategy to study BB mixing is to reconstruct
completely the two neutral By mesons in the T(45) decay. This, however, is not trivial
because of the small reconstruction efficiency. Nevertheless, the approach to search for
full reconstructing of Y(4S) decays into BYBY or BIBY pairs led to the discovery of
ByB, mixing. ARGUS succeeded in reconstructing a decay T(4S5) — BYIB] completely,

where both B mesons decayed into D*~I*v with the following decay chains:

B> D" pf un and B°—> D uf w
— DY nxg, — D= x°
— K{n — Kfm;my

In this simple event (Fig. 2.5) all particles were well identified and the masses of the
intermediate states agreed well with the particle data table values. Kinematic consider-
ations showed that the event is complete. The background for this event was considered
to be completely negligible.

This one event demonstrated that the phenomenon of BSBY mixing must exist. How-
ever, a determination of the B}BY mixing strength needed other methods which provide
much better statistics. One of the most efficient methods is the flavor tagging of B
mesons through their semileptonic decays. A B meson will decay into an e* or pu* plus
a neutrino and hadrons with a branching ratio of about 10%. Likewise a By meson will
yvield an €™ or 4~ in its semileptonic decays. A search for mixing can thus be made by
looking for events of: Y(4S) — [*I* + X. Besides the tagging of B mesons through
leptons, other particles which originate frequently in the weak decay of the b quark can
be used to tag the b flavour of the decaying B meson. For example, D**, A, and D7
from b quark decay products can be used as the tagging particles since they can be fully

reconstructed.

ARGUS and CLEO have investigated events containing lepton pairs originating from
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T(4S) decays. Due to the fact that the B; mesons were nearly at rest, two leptons from
different mesons were uncorrelated. The dilepton events still included backgrounds from
J/¢ decays.

B°B° mixing is studied by tagging the flavor of the other B® mesons by a fast
lepton. The B mesons were most efficiently reconstructed in the channel B° - Dty
where the undetectable neutrino was inferred from the missing mass squared against the
D -1t system, M M?, which had to be consistent with zero for B° mesons originating
from Y(45) decays. The quantity M M? was given by the beam energy and the known

energies and momenta of the D~ mesons and the [T lepton:
MMQ — (Ebeam = (EI)‘_ an E[+))2 3, (ﬁf)'_ 7 IS‘H’ )2 (236)

As signature for the decay B — D*~I*v they obtained a prominent peak at MM? = 0.
The momenta of D™~ meson can be estimated by the pion momentum, in the decay
D~ — D°r~. When B° — D*"Itv — D°7~I*v, right-sign combination of lepton and
pion is [T~

The M M? spectra for events with (I"7%)!~ and ({"#*)I"™ are shown in Fig. 2.6 and
the momentum spectra of the additional leptons are shown in Fig. 2.7. The mixing
parameter y is given by:

B N(BYI-) + N(BSI*)
X4~ (N(BY-) + N(BYIY)) + (N(BYI+) + N(BY))

(2.37)

where N(Bjl~)+ N(Bjl*) are given by the contents in the peak at M M?* = 0 in Fig. 2.6
a) and N(BjI*) + N(BYI™) by the corresponding one in Fig. 2.6 b).

From these measurements, they estimated xq = 0.162 + 0.043 + 0.039 (ARGUS) [9]
and yy = 0.149 + 0.023 + 0.021 (CLEO) [10].




Observation of BB mixing on Z° and in pp colliders [6].

In pp colliders, the BB mixing were observed with the like-sign dimuon events by UAL.
At LEP, the BB mixing has been studied using the Z° — bb process. In this case b
quarks fragment into a mixture of B hadrons containing B} and B? mesons for which
mixing can occur, which is a different point from the B;By mixing at the T(45).

The fractions P; and P, of these incoherently produced Bj and BS mMesons are es-
timated from measurements of BY and A} production in Z° decays and were found to
be: P, = 0.152 + 0.042 and Pigryon = 0.146 £ 0.033 [6]. Assuming P; = P,, we gets
Py = 0351 1.0.027.

In time integrated measurements the B mesons are tagged by their semileptonic
decays and experimental signature for BYBY or B°BY mixing is given by an excess of
like sign lepton pairs over the predicted number of like sign lepton pairs from background
processes.

The leptons which are used to tag the b flavor are again subject to backgrounds from
other lepton sources like charm decays, converted photons or hadrons faking leptons.
These backgrounds can be suppressed by requiring large momenta and large transverse
momenta pr for both leptons with respect to the jet axis. The cut on large pr exploits
the heaviness of the B mesons compared to charm particles.

The amount of BYBY and BY B mixing is determined from the like-sign and opposite-

sign lepton pairs by

N@E) (1= x)No + (1= x)* + x*IN,
N(I+1-) + N(1£1%) — N+ N, (2.38)

where N, (V) is the predicted opposite-sign (like-sign) dilepton rate in the case of no
mixing. N, is given by the number of primary lepton pairs originating from b — [~ X,
b—ItX decays, while NV, is given by the like-sign lepton pairs from b — [~ X, b — X,
¢ —= I X decays.

The ALEPH and DELPHI used the jet charge technique for tagging b flavor. The




Experiment | Year | Value of mixing parameter (x)
ALEPH [11] | 1994 | 0.114 4+ 0.014 + 0.008

L3 [12] 1994 | 0.123 £ 0.012 + 0.008

DO [13] 1993 | 0.13 £ 0.02 £ 0.05

+0.022
OPAL [14] 1993 | 0.143 7 y'p57 £ 0.007

DELPHI [15] | 1993 | 0.121 +0.016 + 0.004 + 0.004
UA1 [16] 1991 | 0.148 £+ 0.029 £+ 0.017
CDF [17] 1991 | 0.176 + 0.027(stat.) £ 0.022(syst.) + 0.032(model)

Table 2.1: Mixing parameter, x.

jet charge @ j.; is defined by
2 gilpi€;|”

Bl = m (2.39)
where p'is the particle momentum, g; its charge and € the unit vector in the direction
of the jet.  is a calibration constant of the order of unity and was obtained from Monte
Carlo studies. The resulting mixing parameter x using the jet charge technique are
consistent with the ones using dilepton events but have larger uncertainties.

Results of the mixing parameter, x, from different experiments are summarized in
Table 2.1.

The previous CDF result [17] is based on ep events in 2.7 pb™' of data collected
during 1988-89 run. The major improvement of the present analysis from the previous

one are:

o Almost three times e-u events are collected in this experiment. This reduces the

statistical uncertainty by 1/+/3.

¢ Background e-u events from direct c¢ production and also sequential semileptonical
decays are reduced by requiring large transverse momenta for leptons with respect

to the jet axis.

° By using data from the new muon detector, the uncertainty in estimating the fake

lepton event fraction is reduced.




Figure 2.1: Feynman diagrams for lowest order bb production
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Figure 2.2: The example of Feynman diagrams for next leading order bb production
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Figure 2.3: Fragmentation functions for b and ¢ quarks.
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igure 2.5: The completely reconstructed event consisting of the decay Y(4S5) — B°B°
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lepton with momentum 1.4 < p; < 2.5: background (dotted histogram) and the result
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Chapter 3

Apparatus

This experiment was performed at the Fermi National Accelerator Laboratory (Fermilab)
in Batavia, Illinois, U.S.A. using the Tevatron accelerator which gave proton-antiproton
collisions at a center-of-mass energy of 1.8 TeV. Particles which were produced by the
collisions were detected by the Collider Detector at Fermilab (CDF). The Tevatron
accelerator and CDF detector are described below emphasizing what we used in our

analysis.

3.1 Tevatron

The Tevatron accelerator produces the world highest energy proton-antiproton collisions
at a center-of-mass energy of 1.8 TeV. Six accelerators of which the Tevatron accelerator
consists are illustrated in Fig. 3.1. First, negatively charged hydrogen ions are injected
to a DC voltage accelerator, Cockcroft-Walton electrostatic accelerator (C-W), and are
accelerated to 750 keV. These particles are accelerated to 200 MeV in 500 foot-length
linear accelerator (LINAC). The two electrons are then stripped off the hydrogen ions,
leaving bare protons, which are injected into the booster ring, a synchrotron with a
diameter of 500 feet. The protons are accelerated up to 8 GeV in the booster ring and

are injected to the main ring. The main ring, a synchrotron with a diameter of two




kilometers, is composed of water-cooled magnets. After being accelerated to 150 GeV
in the main ring, protons are injected to the Tevatron ring which is the same diameter
with the main ring. The Tevatron ring is composed of superconducting magnets and
can accelerate protons to 900 GeV.

Protons accelerated to 150 GeV in the main ring are also used to initiate production
of antiprotons. Every two seconds, approximately two trillion protons are accelerated
to 120 GeV in the main ring and then directed to an antiproton production target. Of
the many particles and antiparticles of different types produced in collisions the protons
make in the target, about ten million antiprotons are collected in a debuncher ring. The
captured beam of antiprotons, circulating in the debuncher ring, is then made more
dense by a process called stochastic cooling. The antiprotons are then transferred to
the accumulator ring. The antiprotons merged into a single beam, cooled further, and
stored in the accumulator ring. The debuncher and accumulator rings operate at 8 GeV.
The antiprotons are accelerated by the main ring and the Tevatron ring in the opposite
direction against the protons. Protons and antiprotons are collected into 6 bunches, so
that a beam crossing occurs every 3.5 usec.

The 1992-1993 run (RUN-Ia) started in April 1992 and ended in May 1993. The
Tevatron provided about 25 pb™' and the CDF has collected an integrated luminosity
of [ Ldt =20 pb~".

3.2 Collider Detector at Fermilab

The Collider Detector at Fermilab (CDF) is a general purpose detector located at the B0
interaction region of the Tevatron ring, where collisions between protons and antipro-
tons occur. A perspective view of the CDF detector is shown in Fig. 3.2. The detector
consists of 2 parts: the central detector and the forward and backward detectors. Fig-
ure 3.3 shows the location of each detector component. The tracking chambers consist

of the silicon vertex detector (SVX), the vertex chamber (VTX) and the central tracking




chamber (CTC). They are azimuthally symmetric around the beam axis. The solenoidal
magnet which surrounds the tracking chambers generates 1.4 T magnetic field along the
beam axis. The calorimeter used to measure energy of particles surrounds the solenoidal
magnet. The calorimeter consists of the central electromagnetic calorimeter (CEM), the
central hadronic calorimeter (CHA), the endwall hadron calorimeter (WHA), the plug
electromagnetic calorimeter (PEM), the plug hadronic calorimeter (PHA), the forward
electromagnetic calorimeter (FEM) and the forward hadron calorimeter (FHA). The
muons which passed through the calorimeters reach muon chambers. The muon detec-
tors consists of the central muon system (CMU), the central muon upgrade (CMP), the
central muon extension (CMX) and the forward muon system (FMU). The beam-beam
counters (BBC) are placed in front of the forward and backward calorimeters and are
used for luminosity monitor and trigger. The detectors and detector components most
relevant to this analysis are briefly reviewed in the following sections.

The CDF coordinate system is taken as follows. The origin is the center of detector,
the nominal collision point, and the z-axis is the proton beam direction. The x-axis points
to the outside of the Tevatron ring and the y-axis points toward vertically upward, so as
to make a right-handed coordinate system. The azimuthal angle ¢ is an angle measured
from the positive x-axis toward the positive y-axis. The pseudo-rapidity 7 is defined by
n = —In(tanf/2), where the polar angle # is an angle from the proton beam direction
( the positive z-axis). The radius r is a distance from the beam axis in x-y plane. The
central detector and the forward (backward) detector cover regions 10° < § < 170° and

6 <10° (8 > 170°), respectively.

3.2.1 Beam-beam counters

The beam-beam counters (BBC) are planes of scintillation counters which are located
at the front face of each of the forward and the backward calorimeters. A beam’s-eye
view of the one of the BBC’s is shown in Fig. 3.5. They provide a minimum-bias trigger

for the detector in addition to a role of the luminosity monitor. The timing resolution of
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the counters is less than 200 psec. They cover the polar angle region from 0.32° to 4.47°
along either the horizontal or vertical directions, corresponding to a pseudo-rapidity

range of 3.24 to 5.90.

3.2.2 Tracking detectors
Silicon Vertex detector (SVX) [18]

The SVX consists of two cylindrical modules placed end-to-end with their axes coincident
with the beamline. The total longitudinal coverage is 51 cm (2 x 25.5 cm with 2.15 cm
gap). Because pp interactions are spread along the beamline with standard deviation
o ~ 30 cm, the geometrical acceptance of the SVX is about 60% for pp interactions.
Each module consists of four radial layers (numbered 0-3 from beam pipe) of silicon strip
detector. The inner and outer layers are at radii of 3.005 cm and 7.866 cm, respectively.
Figure 3.6 shows a view of one cylindrical module of the SVX. For layers 0, 1 and 2
of the silicon strip detector, the strips are on a 60 pm pitch along the beam axis. For
layer 3 they are on a 55 pm pitch. The resolution for high py tracks is ~ 10 pm after

correction of the alignment of the SVX geometry by using real track data.

Vertex chamber (VTX)

The VTX is designed primarily to determine the event vertex position in the longitudi-
nal z direction. The VTX provides tracking information up to a radius of 22 cm and
m| < 3.25. The VTX consists of vertical planes of drift chambers along the z direction,
with each individual z slice being radially divided into octants. The individual chamber
octants have sense wires arranged tangentially to the beam, providing track hit infor-
mation mainly in (r, z) coordinates. The typical resolution of vertex point turned out

to be about 1 mm in the z direction.




Central Tracking Chamber (CTC) [19]

The CTC is a 1.3 m radius and 3.2 m long cylindrical drift chamber which gives precise
momentum measurements in the angular region 40° < 6 < 140° (-1 < < 1). In
this region the momentum resolution is better than épr/p7 < 0.002 (GeV/c)~'. The
chamber contains 84 layers of the sense wires grouped into 9 “superlayers”. Five of
the superlayers consist of 12 axial sense wires; four stereo superlayers consist of 6 sense
wires tilted by +3° relative to the beam direction. Figure 3.7 shows an endplate of the
chamber displaying the 45° tilt of the superlayers to the radial direction to correct for
the Lorentz angle of the electron drift in the magnetic field.

Leading electrons drift into the azimuthal direction with a maximum drift distance
being less than 40 mm, corresponding to a drift time 800 ns. The axial superlayer signals
give a picture of the event in » — ¢ plane. The stereo superlayer signals give a picture

of the event in » — z plane in cooperation with the axial superlayer signals.

3.2.3 Calorimeters

In order to contain showers produced by particles from pp collision at the nominal in-
teraction point a “tower” geometry was chosen for all calorimeters as shown in Fig 3.4.
The coverage of the calorimeter towers in 7 — ¢ space is shown in Fig 3.8. Each tower
has an electromagnetic shower counter in front of a corresponding hadron calorimeter,
so that one can make a detailed comparison of electromagnetic to hadronic energy on a
tower-by-tower basis. The towers are projective, i.e., they point at the interaction region,
and are 0.1 units of 7 wide by 15° (central region) or 5° (plug and forward regions) in @.
The physical size of a tower ranges from about 24.1 cm (7) x 46.2 cm (¢) in the central
region to 1.8 cm x 1.8 cm in the forward region. Geometric coverages in 7 direction
and absorption thickness for calorimeters are summarized in Table 3.1. The absorp-
tion thicknesses in Table 3.1 are given in radiation lengths, X, for the electromagnetic

calorimeters or in pion absorption lengths, A, for the hadron calorimeters.




Calorimeter Geometric coverage Absorption
component in 7 direction thickness
CEM 0.0 < |p| < 1.1 18X,
PEM 12< |p| <24 18 — 21X,
FEM 24 < |p| < 4.2 18X,
CHA 0.0 <|pl <0.8 4.7TAqpbs
WHA 0.8 <|p| <13 4.5 4ps
PHA 1.3<|p| <24 5.7Abs
CHA 24 < |n| < 4.2 TR,

Table 3.1: Geometric coverage in 7 direction and absorption thickness for calorimeter

components.

Central calorimeters: Central electromagnetic calorimeter (CEM), Central

hadron calorimeter (CHA) and Endwall hadron calorimeter (WHA)

The central calorimeters cover a polar angle region of 39° < 6 < 141° ( |p| < 1.1 ). It
is azimuthally segmented into 15° wedges. There are 48 wedges in all, 24 on each side
of the 2 = 0 plane. A perspective view of one central calorimeter wedge is shown in
Fig. 3.9. Each wedge has an electromagnetic part and a hadronic calorimeter part, and
is subdivided along the z-axis into ten projective towers, numbered from 0 to 9, where
tower 0 is at 90° polar angle. The size of the central calorimeter tower is approximately
15° in ¢ and 0.11 units in 7.

The CEM [20] consists of 31 layers of 5 mm polystyrene scintillator interleaved with
30 layers of 1/8 inch lead. Total thickness of CEM module is approximately eighteen
radiation lengths. Using the test beam electron with an energy range of 15-100 GeV,

the energy resolution of the CEM was measured [21] as

Y ARALE o ( E in GeV), (3.1)

E v Esinf

where the sin6 reflects the change of the sampling thickness seen by the electron emitted

at a polar angle 4.




The CEM has a gas proportional wire chamber with cathode strip embedded approx-
imately at the EM shower maximum, 5.9 radiation lengths including the solenoid. The
central strip chamber (CES) consists of wires along the beam direction for ¢ measure-
ments and cathode strips perpendicular to wires for z measurements. The CES provides
a precise determination of shower center and shower shape. The position resolution is
about 2.2 mm in the wire (¢) view and 1.4 mm in the strip view for 50 GeV/c electrons.

The CHA [22] consists of 32 layers of 10 mm plastic scintillator interleaved with
32 layers of 25 mm iron. The WHA consists of 15 layers of 10 mm plastic scintillator
interleaved with 15 layers of 50 mm iron. Total material thickness is 4.7 units of pion
absorption lengths for CHA and 4.5 units for the WHA. The CHA has 9 projective
towers numbered from 0 to 8 along 2-axis. The WHA has 6 projective towers numbered
from 6 to 11 along 2-axis. The number 6 (7, 8) tower of the CHA occupies the same
tower in 7 — ¢ plane as the number 6 (7, 8) of WHA in the same wedge. The energy

resolution for the CHA is given by

AE 75%
- E in GeV 0
E v Esin6 E e (32

from test beam pion data with an energy range of 10-150 GeV [23]. From the same

beam test, the energy resolution for WHA is given by

AE  80%

7 75 ( E in GeV). (5

Plug calorimeters: plug electromagnetic calorimeter (PEM) and plug hadronic

calorimeter (PHA)

The PEM [24] is an annular shaped detector which covers a polar angles region of
10° < 8§ < 32°. This polar angle region covers the end of the CTC. The PEM is
4 gas-based calorimeter using conductive plastic proportional tube arrays (7 x 7 mm)
interleaved with 0.27 cm x 34 lead absorber panels and read out by cathode pads. Shower

profiles can be measured with a resolution of 2 mm by this calorimeter [24, 25]. The
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tower segmentation in the plug calorimeter region is An ~ 0.9 and A¢ ~ 5°, finer than
that in the central region. The energy resolution was measured in an electron test beam

with an energy range of 20-200 GeV to be [26]

AE  28%

5 =5 (EinGeV) (3.4)

The PHA is located behind the PEM, forming a partial conical shape. The PHA
uses steel plates as absorber, with similar conductive plastic proportional tubes. Total

material thickness is 5.7 units of pion absorption lengths. The energy resolution for the

PHA was measured as

AE  132%
E VE

by the test beam pions with an energy range of 40-200 GeV [27].

(3.5)

Forward calorimeters: Forward electromagnetic calorimeter (FEM) and for-

ward hadron calorimeter (FHA)

The FEM is located behind the BBC’s on both sides of the detector. The FEM’s employ
a gas-based calorimeter very similar to the PEM, with 0.48 cm x 30 lead absorber panels
and tower segmentation A¢ ~ 5° and An ~ 0.1. The coverage extends from 2.2 to 4.2 in
1. The FEM position resolution ranges from 1 mm to 4 mm, depending on the location.

The FHA covers the forward region from 2.3 to 4.2 in 7 with an additional 7.7 pion
absorption lengths behind the FEM. The FHA preserves the tower geometry of the FEM.

3.2.4 Muon detectors

The central muon detectors are located behind the calorimeters because electrons, pho-
tons and hadrons are absorbed inside calorimeters. The central muon detectors are
divided into several components, each covering a different section. The central muon sys-
tem (CMU) and central muon upgrade (CMP) cover a pseudo-rapidity region of || < 0.6.

The central muon extension (CMX) covers a pseudo-rapidity region of 0.65 < |n| < 1.0.
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The coverage of the muon chambers is shown in the Fig. 3.10. The CMP and CMX
were added just before RUN-Ia. The CMP is used for confirmation of muon track stubs
in the CMU and it also fills up crack in 7 = 0 and wedge gaps of the CMU. The CMX

extends the coverage of the CMU to about 7 ~ 1.0.

Central muon system (CMU) [28]

The CMU is divided into 24 wedges (A¢ = 15°) forming an approximate cylinder around
the beamline. The CMU is divided into 2 parts at = 0. Each CMU wedge contains
a total of 48 drift chambers, each 2.3 m long, arranged axially along the z direction.
Figure 3.11 shows the layout of a CMU wedge; note there are significant cracks in
acceptance between the wedges. The diagram in Fig. 3.12 shows a cross sectional view
of a 5° section of the CMU, with a typical muon track passing through the four layers
of drift cells.

The individual drift cells shown in Fig. 3.12 measure 63.5 mm x 26.8 mm in cross
section, with a sense wire in the center, and are operated with a 50%/50% Ar — C, Hg
gas mixture. A muon track stub is formed by measuring the drift time for each of the
four sense wires along the muon path. The left-right ambiguity of the track is resolved
by staggering the wires along the radial line. The chambers were operated in limited
stream mode, allowing a measurement of the z position by measuring the relative charge

deposited at both ends of the sense wire.

Central muon upgrade (CMP) [29]

e

The CMP is mounted on four flat planes around the central barrel detector, with a
layer of steel (~ 3 absorption lengths) beyond the CMU. On the top and bottom of the
detector, the CMP is attached to the steel of the solenoid return yoke. On both side of
the detector, the CMP planes are attached to walls of steel. The tubes are continuous
across the CMU 5 = 0 crack. The chambers are of fixed length in z and form the box

around the central detector, therefore the actual pseudo-rapidity coverage varies with
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azimuth as shown in Fig. 3.10.

The CMP consists of 864 drift tubes with the size of 2.5 cm X 15 cm x 640 cm. The
CMP drift tubes are half cell staggered and use the same argon/ethane gas mixture as
used in the CMU. Figure 3.13 shows a schematic view of a CMP tube. Like the CMU,
there are four layers of drift cells, and muon track stubs can be reconstructed in the
r — ¢ plane by measuring the drift times in the four layers. However, no z information
on the muon track is available from the CMP unlike CMU. The position resolution of

the tube is about 300 pm.

Central muon extension (CMX) [29]

The CMX occupies the surface of a cone (see Fig 3.2). The CMX are free standing, just
beyond the central barrel region. The CMX extends pseudo-rapidity coverage from 0.65
EoRIBUS

The CMX consists of 864 x 2 drift tubes, which are of the same structure as the CMP
tube. The tubes are sandwiched between two layers of scintillation counters which are

used for triggering.

3.2.5 Trigger

The CDF trigger system conmsists of three levels [30, 31, 32]. The level 1-3 triggers
reduce the high rate of ~280 kHz in the 1992-1993 CDF run of pp interactions to a rate
of ~ 6 Hz at which events could be recorded on tape. The level 1-3 triggers consist
of a logical OR of several requirements of electrons, photons, muons, missing energy,
jets, taus, and select events based on physics interests. The level 3 trigger is made up
of 48 Silicon Graphics computers, each containing two event buffers, plus an array of
service hardware to push the data into and out of 96 buffers. Each event is sent to a
single buffer, and so that level 3 triggers can be processed up to 48 separate events in
parallel, with another 48 events meanwhile being loaded to the secondary buffers. Here

we describe a low Py dilepton trigger, which is called “JPSI STREAM 1”. We used
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events which passed this trigger in this analysis.

Level 1 trigger

All level 1 triggers require a coincidence between hits in the forward and backward BBC
scintillators to select physical reactions.

The level 1 trigger for low Pr dilepton events consists of level 1 dielectron trigger,
level 1 dimuon trigger and level 1 electron-muon trigger. The level 1 dielectron (dimuon)
trigger is made by a pair of level 1 electron (muon) triggers. The level 1 triggers for
electron-muon events are generated by a pair of a level 1 low-Fr calorimeter trigger and
a level 1 muon trigger.

The level 1 low-Er calorimeter trigger is produced from analog signals coming from
phototubes in the central calorimeters. The trigger is segmented in detector 7 — ¢ plane
by A¢ = 15° and An = 0.2. The actual segmentation provided by the calorimeters is
reduced by summing fast analog signals in order to reduce the large quantity of signals
to a manageable level, resulting in a total of 2048 trigger towers, half electromagnetic
and half hadronic. The analog calorimeter signals are corrected for pedestal offsets and
gain variations. The level 1 low-Ey calorimeter trigger required that a trigger tower have
the transverse EM energy above 4 GeV. No correction is made for possible variations in
the z vertex position at this stage.

The level 1 muon trigger is produced from a fast analog measurement of momentum
of muons in the CMU and a coincidence signal between chambers in alternate layers in
the CMP. The momentum of muons is measured by a difference of drift times between
layer 2 and layer 4 of CMU chambers (See Fig. 3.12). The difference of the drift time
is a function of momentum of muons. The level 1 muon trigger requires the momentum

to be greater than 3.3 GeV/c.




Level 2 trigger

The level 2 trigger for low Pr dilepton events consists of a level 2 dielectron trigger,
a level 2 dimuon trigger and a level 2 electron-muon trigger. The level 2 dielectron
(dimuon) trigger is made by a pair of level 2 electron (muon) triggers. The level 2
trigger for electron-muon events is generated by a pair of a level 2 low-E7 calorimeter
trigger and a level 2 muon trigger.

Electromagnetic energy clusters are formed from trigger towers by hardware pro-
cessors at this stage. The clustering algorithm used is that, first, a trigger tower with
transverse EM energy greater than 4 GeV is searched, then four adjacent towers are ex-
amined one by one to be added to the seed tower if its transverse EM energy is greater
than 3.6 GeV, and each attached trigger tower is taken as a seed tower and the same
procedure is repeated until no more trigger tower is found to be added. A ratio of total
(EM + HAD) transverse energy to transverse EM energy is calculated from electromag-
netic and hadronic energies in the clusters. The level 2 electron trigger requires the ratio
be less than 1.125.

The CTC tracks are reconstructed in two dimensions by a hardware processor called
Central Fast Tracker (CFT) [33]. The CFT processes fast timing information from
the CTC to identify a high Pr track in the »r — ¢ plane by comparing the CTC hits
with predetermined patterns. The CFT has a momentum resolution of APT/P% ~
0.035 (GeV/c)™', with a high efficiency [33]. The level 2 electron trigger requires the
momentum of an associated track with the EM cluster to be greater than 4.8 GeV/c.

The level 2 muon trigger requires matching between the CFT track and a stub in
the muon detectors. The momentum of the CFT track for the level 2 muon trigger is

required to be greater than 3 GeV/c.

Level 3 trigger
The level 3 trigger for electron and muon requires the following.

¢ Level 3 electron




— Transverse energy: Er > 5 GeV

— Transverse momentum: Pr > 3 GeV/c

Lateral shower sharing: L} . > 0.3
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— Lateral shower shape: X:trip <

Difference between a measured shower position in the CES and an extrapo-

lated CTC track at the CES: AX <6 cm and AZ < 10 cm

o Level 3 muon

— Transverse momentum: Pr > 3 GeV/c

— Difference between a CMU stub position and an extrapolated CTC track at
the entrance of the CMU chambers: AX < 16 cm and AZ < 16 cm

Because the level 3 trigger uses same code as offline analysis, the lateral shower sharing,
lateral shower shape, position matching will be defined and described later.

The level 3 trigger for low Py dilepton events consists of a level 3 dielectron, a level
3 dimuon trigger and a level 3 electron-muon trigger. The level 3 dielectron (muon)
trigger is generated by a pair of the electron (muon) triggers. The level 3 electron-muon

trigger is generated by a pair of a level 3 electron and a level 3 muon trigger.

3.2.6 Data acquisition system

The CDF data aquisition system (DAQ) [34] employs a FASTBUS-based multi-level
network. The CDF DAQ has multiple partitions each of which covers one or more
independent detector sections so that the DAQ for different detector components can
proceed in parallel. At the lowest level of the DAQ system, there are two major types
of front end system. When an event is accepted by both level 1 and level 2, the data
from front end crates are digitized and read by scanner modules. All the calorimeters

and the central muon system use the redundant analog bus-based information transfer

(RABBIT) which are read by MX scanner [35]. Most tracking detectors use FASTBUS
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TDCs which are read by SSP scanners [36]. A few CAMAC modules are included in
the event data stream and are read by an SSP scanner using a FASTBUS to CAMAC
interface. Each scanner can buffer four events. This step in the DAQ pipeline is man-
aged by the trigger supervisor (TS) FASTBUS module. The TS uses a combination of
FASTBUS messages and dedicated control lines to provide flexible and efficient control
of front end systems. Each partition is allocated a unique set of scanners and a trigger
SUPErvisor.

When all MX and SSP scanners have finished reading and buffering data for one
event, the TS module sends a FASTBUS message to buffer manager (BFM) indicating
that an event is available in a specified buffer. The BFM supervises dataflow from
scanner modules to host VAX computers. The BFM initiates this dataflow by sending
a FASTBUS message to event builder (EVB) instructing it to “Pull” an event from
the same buffer in all scanners of a specified detector partition. The EVB is a group
of FASTBUS modules which can read, buffer and reformat complete events from any
allowed partition of detector components. When the EVB has finished reading data
from scanner buffer NV, it sends a “Pull OK” message to the BFM which in turn notifies
the TS that buffer N is available for a new level 1 and level 2 trigger.

Under direction of the BFM, the EVB writes a complete event into a specified node
in the level 3 processor farm (Silicon Graphics computers). Events accepted by the level
3 trigger are read by the buffer mult<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>