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Abstract

The bottom quark production in the single diffractive dissociation is first
observed in pp collisions at y/s=1.8 TeV using the Collider Detector at Fer-
milab. The absence of an energy flow in the forward rapidity region (‘rapidity
gap’) is used as an evidence of the single diffraction. The high-pr electron
in the Ep range of 9.5 < E%¢ < 20 GeV and the central rapidity region
(In] <1.1) are used to identify the bottom quark decay. The ratio of the
diffractive to the non-diffractive bottom quark production is obtained using
the model dependent acceptance of the rapidity gap signal for the four kinds

of the pomeron model. The ratio R,; is measured to be;

Ry, (€ < 0.1;FG) = 0.62 & 0.19(stat) + 0.14(syst)%
for the flat-gluon pomeron model,

Ry3(€ < 0.1;FQ) = 0.93 4 0.29(stat) + 0.22(syst)%
for the flat-quark pomeron model,

Ry, (€ < 0.1; HG) = 0.71 + 0.22(stat) + 0.16(syst)%
for the hard-gluon pomeron model,

Ry (€ < 0.1; HQ) = 1.18 + 0.36(stat) + 0.27(syst)%

for the hard-quark pomeron model.

This measured ratio is compared with the results of the diffractive W
and the diffractive dijet productions. The ratios measured in these three
processes are consistent with each other and significantly lower than the

theoretical prediction.
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Chapter 1

Introduction

Quantum Chromodynamics (QCD) is widely accepted as a fundamental the-
ory which describes the strong interactions because of its remarkable success
in the high precision tests of the high energy experiments. Although we
believe QCD is the fundamental theory, it is difficult to study a scattering
process with a small momentum transfer in the framework of the QCD since
the renormalized coupling constant is not small enough in such a low energy
scale to use a perturbative technique.

The single diffractive dissociation [1] ( or single diffraction ) is one of such
processes that we cannot fully describe in the framework of QCD. The single
diffraction is experimentally defined as a process where one of the two op-
positely incoming hadrons keeps its quantum numbers unchanged after the
collision. This leading hadron usually go off in the beam pipe without de-
creasing its initial momentum. In the view point of the quantum field theory,
any process should be explained by the exchange of field(s) between the two
hadrons. The exchanged field(s) in the single diffraction should not carry a
color in total so as to keep the hadrons as a color singlet. This exchanged
color-less object is a pomeron named in the old Regge pole phenomenology
2, 3].

The Regge pole phenomenology is based on the observed hadron spec-

troscopy and some general postulates such as the unitarity and the analytic-



ity of the S-matrix. The validity of the Regge pole phenomenology is limited
in the soft ( small momentum transfer ) process. In the Regge picture, a
scattering process is described as an exchange of “pole”, which lives in the
complex angular momentum space. The pomeron is introduced as one of such
poles which give a dominant contribution to soft collisions of hadrons with
high energy. At least in the soft process, pomeron behaves as if it is a virtual
particle state although it has not been observed in the hadron spectroscopy.
The Regge pole phenomenology is briefly described in Appendix A.

The uniqueness of the hard single diffraction is an existence of the two
different scales in a single interaction. Regarding to the leading hadron, a
momentum transfer via the pomeron is too small to use the perturbative QCD
but it is small enough to use the Regge pole picture. On the other hand, the
interaction between the constitutions of the pomeron and the dissociating
hadron take place in a hard scale where we could use the perturbative QCD.
It is thus possible to probe the “contents” of the pomeron by studying the
hard single diffraction using a combination of the Regge phenomenology and
the perturbative QCD. The pomeron is treated as an effective particle state
in the above picture called Ingelman-Schlein model (IS model) [4].

Experimental study of the partonic nature of the pomeron was pioneered
by UAS experiments [5, 6] by observing dijet production in the single diffrac-
tion events at CERN SppS collider operated at /s=630 GeV. They re-
ported that the pomeron exhibits a “hard structure” like zf(2) ~ 1 — 2
basically, where z is a parton momentum fraction in the pomeron. More
recently, both ZEUS and H1 collaboration measured the structure function
of the pomeron by the deep inelastic scattering experiment at the HERA
e-p collider. The measured pomeron structure function is mostly “flat” like
Zfqq/P(2) ~ 1 and depends on Q2 slightly. The H1 [7] performed a NLO

QCD fit for the observed pomeron structure function at different Q? scales



and concluded approximately 90%(80%) of the momentum is carried by glu-
ons at Q*=4.5GeV?(75 GeV?) under such model. The ZEUS [8] measured
both the pomeron structure function and the differential cross section of the
diffractive dijet photoproduction. They also reported that a substantial part
of the pomeron momentum is carried by gluons if the pomeron is assumed to
have a hadron-like partonic structure in the form of parton densities which
evolve according to the DGLAP equations [9)].

At the Tevatron collider, the dijet production [10] and the W-boson pro-
duction [11] were observed in the diffractive pp scattering at /s=1800 GeV.
The combined analysis of the diffractive dijet and the diffractive W produc-
tions support a dominantly gluonic picture of the pomeron. The measured
rates of these processes show significantly lower values than the IS model pre-
diction with the Donnachie-Landshoff flux (see Sec. 1.2). This result suggest
that there is a problem in the hypothesis of the factorization of the pomeron
flux at the Tevatron energy although the hypothesis successfully described
the data at the HERA [42].

The study of the diffractive heavy flavor production can also allow us
to test the IS model [12]. The diffractive heavy flavor production rate is
sensitive to the contribution of the gluon in the pomeron because the heavy
flavors are mainly produced through a gluon-gluon fusion. The experimen-
tal study of the diffractive heavy flavor production was first reported by
the UA1 collaboration at CERN SppS collider [13]. They searched for the
diffractively produced p+jet events and estimated the heavy flavor contri-
bution in the data by subtracting non-heavy flavor backgrounds. Assuming
the hard structure function to the pomeron they found an upper limit of the
diffractive bb production cross section oy ;(pr > 8GeV)<50 nb (95% C.L.) at
V/s=630 GeV.

In this thesis we present the first observation of the diffractive bottom



Figure 1.1: Single diffraction.

quark (b-quark) production in pp collisions at /s=1.8 TeV using the Collider
Detector at Fermilab (CDF). The production of the b-quark is identified with
both the large transverse momentum of the decaying electron relative to the
associating jet axis and the large impact parameter of the electron track.
The ratio of the diffractive b-quark production to the non-diffractive b-quark
production is measured. The ratio is compared to the theoretical prediction

of the Ingelman-Schlein model using the Donnachie-Landshoff flux.

1.1 Kinematics of the single diffraction

The single diffraction dissociation process, p +p — p + X is schematically
shown in Fig. 1.1. Some kinematical variables are frequently used to describe
the single diffraction process. Using the four momentum of the initial beam
particles (PP", PP") and the final systems, (PP, PX), the following three

independent variables are defined;

s = (Ppin + pﬁin)2 _ (pPOUt + PX)2 (1.1)
t=(prov — ppin)2 = (P¥ — Pffjin)2 (1.2)
M = (P = (PP s oo — v’ 13



where s is a center of mass energy, ¢ is a momentum transfer and My is a
mass of diffractive system X. Equation 1.2 can be expressed by the energy

of the system X (Ex),

s = (PPt 4 PX)?
— PX . (Ppout + PX> + Ppout . (Ppout + PX>

1
= EX\/§+ 5(5 — MX2 +mp2>,

where m,, is the mass of the proton. This formulae yields the following

expression for the energy of the system X,

s+ Mx? —m,?
Ex = L 14
o= T (1.4

The 3-momentum of the leading proton PPout can be expressed with s and

My using Eq. 1.4,

N 2 S22
‘Ppout — ‘PX
= X2 - MX2
_ s — (my + Myx)°][s — (m, — Mx)’]
4s
s,Mx>m, (S - MX2)2
4s
o — My?
‘Pp‘)“t ~ 827\[:( (1.5)

Now we introduce the another frequently used variable, the Feynman variable
TR,

pout
— PZ

- Pzpin :

TF (1.6)

Since PPoUt ‘Ppo‘“

, we arrive at,

— -
‘Ppout 2 ‘Ppout
~ —

prt s s
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Figure 1.2: The kinematics of the single diffraction.

Instead of the xp, the & variable is also used frequently,

M 2
£="2 —1—up (1.8)
S

The rapidity distribution of the final states is schematically shown in
Fig. 1.2. In the general pp collisions, the maximum rapidity bound of the

generated particle is calculated from the definition,

1. E+4py 1 (E+py)
ymaw:_ln =-In—"F"F%5
2 E—pzlme 2 E?—pz?
1. (2Epeam)?
z—ln( ’ 5 ) lné (1.9)
2 m, m,

Thus the rapidity of the leading proton is In y/s/m,. The width of the diffrac-
tive system X can be calculated by using Eq. 1.9 at the center of mass frame

of the system X,

Vs My
=2In
mx mg

yX o~ 21n (1.10)

The center of the rapidity for the diffractive system X is similarly obtained

using Eqgs. 1.4 and 1.5,

— 2
1. (& pX 1 2
yfz——ln—( x +|P7)) ~——ln—

MX2 2 SMX2
1.1

=——In- 1.11
3 (111)

11



Thus, the size of the rapidity gap between the cluster and the leading proton
is obtained using Eq. 1.8,

1
Ay =ybh o — ?JéY - §yifidth

zlné—i-llnl—lnMX
m, 2 £ My

—_In (g%) . (1.12)

P

The signature of the single diffraction is characterized with this forward ra-

pidity gap.

1.2 Single diffraction in the Regge pole pic-
ture

A detailed analysis of the Regge pole phenomenology shows that the to-
tal cross section and the differential elastic cross section can be factorized
into the Pomeron-hadron couplings and the universal contribution from the

Pomeron exchange,

) RN U
ot = (2(0) 32 (0) (—) (1.13)
do.glﬁ B 1 - - (s 2[ap(t)—1]
T iposger () (L14)

where B77(5) is a coupling of the pomeron to the proton(anti-proton) and
the sy is a scale parameter introduced for dimensional convenience. The
single diffraction dissociation can also be described in the framework of the
Regge pole phenomenology using the triple Regge diagram. In the particular
range of the kinematical region (£ = M?/s <0.1 [1]), the contribution from

the pomeron exchange is dominant.

doty L oo n2e1—2am(t) | ao0 s\ O
sd o — 1.1

12



where g(t) is a triple-pomeron coupling, s’ = M? is the square of the mass of
the dissociating system, ¢ is the fractional momentum of the pomeron carry-
ing to the proton and s is the energy scale parameter. The triple-pomeron
coupling ¢(t) is experimentally found not to depend on ¢ [1], thus g(t) = ¢(0).
The term in the brackets in Eq.1.15 can be identified as the pomeron-proton
total cross section aé’fp in analogy with Eq.1.14. Then Eq.1.15 is expressed
as,

pp
do,

dt d¢

= fipp(& )07 () (1.16)

where fp/,(&,1) is called the flux factor of the pomeron and o2 (s') is the
total cross section of the pomeron-proton scattering. The pomeron flux factor

is defined as

i€, 1) = —— O (2)€ 2o ) (1.17)
=L 2el=2ap(1)
= {BROF() w0, (113)

where the ¢ dependence of the 347 is replaced by the proton form factor F(t)
probed with the pomeron. The form factor F(t) cannot be determined by
the Regge theory. A hypothesis that a pomeron mainly couples to the quark
in the hadron like a photon can reproduce the data well [14]. This hypothesis
results in that the F'(t) is proportional to the electromagnetic-like form factor,

gy Ay — 28t 1 ? 19
1(f) = amz —t \1-1t/0.71 (1.19)

where m,, is a mass of the proton. The flux factor using this hypothesis is

called Donnachie-Landshoff flux and is expressed as,

Fopp(€t) = TR (022w (1.20

where 3,2=3.202 GeV 2 is the effective pomeron-quark coupling.

13



1.3 Diffractive bb production

The factorization property of the pomeron is supported by the elastic and
the diffractive scattering experiments and implies that a pomeron can be
treated as an ordinary particle virtually emitted from a hadron. Ingelman
and Schlein proposed to extend the formalism obtained in the soft diffraction
into the region of the hard diffractive scattering [4]. According to their idea,
we describe our model used to calculate the diffractive bb production cross
section in the thesis. Assuming that the factorization property is kept in this

scale, the cross section of the diffractive bb production can be expressed as,

do(pp — p + bbX) do(plP — bbX)

= t 1.21
dt d{ dp% fP/p(gv ) deZ ) ( )
where,
do(plP — bbX do(a;b; — bbX'
(p de2 ) :%:/dx1fai/p($1,PT2>/dﬂl?szj/zp(%,PTQ) ( ]dpgT ),
(1.22)

and the pp is the transverse momentum of the b-quarks. The f,, /p(asl,pQT)
and the f, /p(x2,p7) are the structure function for anti-proton and pomeron,
respectively. The sum is performed over all parton types. As stated in the
previous section, the pomeron flux factor fp/,(¢, t) is not uniquely defined by
the Regge phenomenology. We used the Donnachie-Landshoff flux (Eq.1.20)
to calculate the theoretical prediction. ( Ingelman and Schlein used a different
flux parameterization in their original analysis [4]. )

The pomeron structure function f, /p(z2,p7) was recently measured by
H1 [7] and ZEUS [8] using deep inelastic scattering processes. The extracted
parton distribution turned out to be nearly flat. According to this result, we

used a simple model for a pomeron structure function expressed as;

2fg.q/p(2) ~ 1. (1.23)

14



Another frequently used structure function is a hard structure function,

2fgq/p(2) ~ 2(1 = 2) (1.24)

which is derived from the assumption that two partons share the pomeron

momentum. We also used the hard structure function in the analysis.

1.4 Outline of analysis procedure

One of the characteristic signature of the single diffraction is an absence of a
beam jet in one side of the forward rapidity region where particles are usually
observed in the non-diffractive pp collisions. This signature is owing to the
color-less nature of the exchanged object and is called the forward rapidity
gap. In order to tag the rapidity gap events, we used two forward detectors,
the forward calorimeters and the BBC which partially overlap with each
other. The rapidity gap signal in the single diffraction is sometimes killed
because particles generated from the dissociating system give the signal in
the detector. We have corrected this rate of inefficiency using results of the
Monte Carlo study.

The b-quark production candidates are tagged using an electron in the
central rapidity region. We select events with such an electron to make up
an electron sample. The impact parameter distribution and the transverse
momentum spectrum relative to the jet axis are used to estimate the bb
event fraction in the electron sample. The diffractive b-quark production
candidates are selected from the electron sample using the rapidity gap signal.
The fraction of b-quark events are individually estimated for both diffractive
and non-diffractive sample. After correcting the efficiency and acceptance
for the rapidity gap tagging, the ratio of the diffractive to the non-diffractive
b-quark production is measured. The results are finally compared to the

theoretical prediction.
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Chapter 2

The CDF detector

This study is performed using the data collected by the Collider Detector at
Fermilab (CDF) during 1994-1995 (RUN1B). The CDF is a multi-purpose
detector built at the BO collision point of the Tevatron Collider which gives
a head-on collision of the proton and the anti-proton with the center of mass
energy of 1800 GeV. Figure 2.1 shows a schematic view of the CDF. The
main component of the CDF detector is categorized into two sub-systems, a
tracking system (SVX,VTX,CTC and the superconducting solenoidal mag-
net) and a calorimeter system (Forward,Plug,Wall Central). Each of those
sub-systems is arranged to be symmetric in the cylindrical direction. In this
chapter each sub-system of the CDF detector is briefly described with em-
phasis on what we used in our analysis. The full description of the CDF

detector is found in the reference [15].

2.1 Coordinate system

Overall CDF coordinate (z,y, z,7, ¢, 0)

We describe the coordinate system and the notation used in the thesis. Fig-
ure 2.2 shows the overall CDF coordinate system. In the CDF coordinate
system, the origin is at the center of the central tracking chamber (CTC).

The beam axis is taken as the z axis and positive in the proton direction.

16
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The y axis is vertical and positive in upward. The z axis is horizontal and
the direction is defined by the right-handed coordinate system.

The cylindrical coordinate system is also used. The r indicates the radial
distance from the z-axis. The azimuthal angle about z-axis is represented
by the ¢, and defined 0 at wx-axis. The polar angle relative to z-axis is

represented by the ., and defined 0 at z-axis.

Track parameterization (cot 6, C, zy, d, ¢o)

The CDF has a solenoidal magnet which functions as a spectrometer magnet,
in the central region of the CDF. Under this magnetic field, a trajectory of
charged particle become a helix, the axis of which is parallel to the magnetic
field. At the CDF the following 5 parameters are used to describe the helix
of a track [16]:

a = (cotd,C, zy,d, pp)

where:
cotf : cotangent of the polar angle at minimum approach.
C  : half curvature
2o : Z position at point of minimum approach to origin of helix.
d . signed impact parameter distance between helix and origin at
minimum approach.
¢o : azimuthal angle of track at point of minimum approach.

Pseudorapidity (7), Transverse energy (FEr)

In a hadron-hadron collision, interacting system is variously boosted along
z-direction in event by event. It is thus convenient to use an invariant form
under Lorentz boost to describe the physical quantity, such as a cross section.

Consider the invariant volume element in the momentum space,

dp, dp, dp-
—

18



This form is invariant to any Lorentz transformation. Since the CDF is a
symmetric detector in ¢ direction, this form can be transformed into the

following expression in the cylindrical coordinate,

mpr dpr dp.
—

where pr is defined as pr = psinf. Against the Lorentz boost along the z-
direction, pr and dpr are obviously invariant. Since the overall expression is
an invariant form, the rest term, dp./FE is an invariant quantity for z-boost.
It is thus useful to introduce the new variable y by the following differential
equation,

dy = % = dp-
E \/,,n2 +pT2 +p22

Solving this equation, y is defined as,

1 E+p.
y=-=In .
2 E_pz

This value is called rapidity of the particle. The shape of rapidity distribution

dN/dy is invariant under z-boost.

For p > m, the rapidity may be approximated by the pseudorapidity,

_1. (p+p: 0
n=-=lIn =—In{tan—- ).
2 pP—D: 2

The pseudorapidity distribution dN/dn is also approximately invariant when

p > m and 0 > 1/7. The advantage of the pseudorapidity to the rapidity is
that it can be measured even the mass of the particle is unknown.
In the CDF, transverse energy E7p is frequently used since it is also in-

variant under z-boost. Ep is defined as,
Er = Esin6

where E is the energy cluster observed in the calorimeter and the # is a polar
angle of a vector to the center of the energy cluster from an actual interaction

point.
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2.2 Tracking detectors

Tracking is important for identification of charged leptons. Since both elec-
trons and photons leave similar signals in the calorimeter, the existence of
particle track which matches to the energy cluster is an important evidence
for the electron signal.

Tracking information also gives a momentum of a charged particle un-
der the magnetic field. The CDF has a superconducting solenoidal magnet
which produces 1.4 T magnetic field in the central rapidity region. This
strong magnetic field enables the central tracking chamber to provide a pre-
cise momentum determination for charged particles.

Another important information provided by the tracking is an decay point
of the long lived particle produced by the pp collision. This information plays
a crucial role to identify those long-lived particles such as b-hadrons, which
is a subject of the analysis in the thesis.

The CDF has four separate tracking detectors within the magnetic field
as shown in Fig. 2.1. The outline of each detector is briefly described in the

following sections.

Silicon Vertex detector: SVX

The SVX [17, 18] is a r-¢ tracking device placed very close to the beam pipe.
The main purpose of the SVX is to measure trajectories of charged particle
precisely enough to distinguish b hadron decays using their relatively long
decay length (c7 ~ 430um).

The SVX is divided into two modules at the z = 0 and each of half are
called ‘barrel’. An SVX barrel is shown in Fig. 2.3. Each barrel consists
of four concentric layers of silicon micro strip sensors. The inner and outer
layers of the SVX are at radii of 2.86 cm and 7.87 cm, respectively. Total
length of the SVX along 2 axis is 51 ¢m ( 25.5cm for a barrel ) and this

20
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Figure 2.3: An isometric view of the SVX detector. r = 7.9 em, | = £25.5 cm.

length covers about 60% of pp interactions observed at the CDF.

Each of silicon sensors in a barrel have 60um strips (55um for the fourth
layer) along z axis on the one side. Signals from those strips are read out
though 200 nm layer of S;05 to prevent saturation of the input amplifier from
leakage currents in the detector. The individual hit resolution is obtained
by fitting the charge distribution of neighboring strips, and the resolution is
about 10um.

In the thesis, SVX plays a key role to extract b-quark events from inclusive
electron sample. The SVX provides a precise measurement of the impact

parameter which reflects the lifetime of the parent particle.

Vertex Time Projection Chambers: VTX

The VTX consists of 28 time projection chambers which are mounted end-
to-end along the z-axis. Each of the chambers have a central high voltage

grid in r-¢ plane that make the chamber to have two drift region with 4 cm
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long. Drift electrons move along z-axis toward multiple sense wires arranged
in r-¢ plane, concentric to the beam axis. Those wires provide r-z view of the
track by measuring the arrival times of drift electrons using Time-to-Digital
Converter (TDC). The r-¢ tracking is also provided by cathode pads behind
those wires.

The VTX has a very wide acceptance in polar angles (3.6°<6<176.4°) and
this enables us to determine z positions where hard pp collisions occurred.
Knowledge of the location of the event vertex gives the first order correction
in the calculation of physics quantities such as the transverse energy and also

gives separation of multiple events in a single bunch crossing.

Central Tracking Chamber: CTC

The Central Tracking Chamber (CTC) [19] is a 1.3 m radius 3.2 m long cylin-
drical drift chamber which gives precise momentum measurements (dpr/pr ~
0.002pr) in the angular region, 40°<6<140° (-1<n<1).

The CTC has 84 layers of sense wires, which are basically strung along
z-axis. Those layers are grouped into 9 super-layers. A superlayer consists
of a single layer of drift cells (super-cells) that surround the z-axis. Each
super-cell has multiple wires to form the electric field inside. The CTC has
two kinds of superlayers which alternatively surround the z-axis as shown in
Fig. 2.4. The first ones which start from the innermost layer are called azial
superlayers and whose wires are strung exactly along z-axis. The axial super-
layers provide r-¢ view of the track. The CTC has 5 such axial superlayers.
The rest superlayers (4 layers) are called stereo superlayers and whose wires
are strung with an angle of £3° relative to z-axis. The combined analysis of
the information from the stereo superlayers and the axial superlayers provide
r-z view of the track.

In each superlayer, super-cells are not arranged in parallel to the radial
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Figure 2.4: The CTC end-plate showing the wire slots.
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Number of layers 84

Number of superlayers 9

Stereo angle 0° +3° 0° —=3° 0° +3° 0° =3° 0°
Number of cells/layer 30 42 48 60 72 84 96 108 120
Number of sense wires/layer 126 126 126 12 6 12

Sense wire spacing 10 mm in plane of wires

Tilt angle(center of plane)  45°

Table 2.1: Mechanical parameters of the CTC

direction. They are tilted 45° respect to the radial direction so that the
drift trajectories of electrons are approximately azimuthal under the crossed
magnetic and electric field. Without this tilt angle, dead space would emerge
at the ends of the cells because of a large Lorentz angle. The tilt angle of
the cells has an extra advantages of resolving tracks. Since the cells do not
have a mirror symmetry respect to the radial plane, the track coming from
the center of the CTC can be uniquely resolved.

The CTC wire gives an extra information for the particle identification
aside from the track information. The pulse height of the wire signal reflects
a magnitude of the energy deposition in the drift chamber. Since the energy
deposition is a function of a velocity rather than the momentum, it is possible
to extract the mass of the particle by combining the observed momentum and
energy deposition. In the thesis, energy deposition (=charge deposition) in
the CTC is represented by Qcre and used to help separating an electron in

the analysis.

2.3 Calorimeters

The main purpose of the calorimeter is to measure the magnitude and the
direction of all energy flow ! from an interaction point. One of the advantage

of the calorimeter is its ability to identify the particular type of particles, i.e.

IExcept for neutrinos and muons since they deposit no or very small part of their
energy in a dense material. The muon is detected with a muon chamber.
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electrons and photons, using their characteristic signature of electromagnetic
cascade in a dense material. An electromagnetic cascade is caused by a chain
reaction of an electron-positron pair creation by a photon which is created
by a bremsstrahlung of electrons(positrons). The calorimeter to measure
the energy of the electromagnetic shower is called the electromagnetic (EM)
calorimeter.

The energy of the hadron can also be measured using a shower in a dense
material but a strong interaction take a important part of the developing
process in this case. The shower development by a strong interaction is
much slower than electromagnetic shower as a function of material depth.
For this reason, the calorimeters to measure hadronic energies need to have
a larger depth than the EM calorimeter and it is located behind the EM
calorimeters.

The CDF calorimeters use projective tower geometry, which points back
to the nominal interaction point. Those towers cover the pseudo-rapidity
range from -4.2 to 4.2, and cover full range in the azimuthal angle as shown
in Fig. 2.5.

We use the central electromagnetic calorimeter (CEM) to tag the electron
from b-hadron decay, and the forward calorimeter (FCAL) to detect the

rapidity gap signature of pomeron exchange events.

Central Electromagnetic Calorimeter: CEM

The central electromagnetic calorimeter (CEM) [20] and the central electro-
magnetic shower max counter (CES) are the important tools to identify the
electron production in the central rapidity region. They also provide the
‘central electron’ trigger.

The CEM covers the pseudorapidity range from -1.1 to 1.1 and has the

full coverage in ¢ using 478 projective towers. The size of a tower is 0.1(n) x

25



}éEndWall> }% Forward —>{
l<— central —| < EndPlug ——|
90"
60’
¥
30
o
0 1 2 3 4

Ui

Figure 2.5: The CDF calorimeter segments shown in n — ¢ plane. Hatched area
shows partial depth coverage only due to cut for low beta quadrupoles. Black area
shows no coverage.

15°(¢) (24.1cm x 46.2cm) and this size is large enough to cover a typical
electromagnetic shower development of a few c¢m in lateral size. The depth
of a tower is 18 radiation length (0.6 absorption length). The CEM uses
lead sheets interspersed with scintillator as the active detector medium. The
scintillation light from the scintillators in a tower is collected and piped
into the photomultiplier (PMT) through the wavelength-shifter. The CEM
have an electron energy resolution of 0/E=13.5%/v/Er ©2% (the symbol &
signifies that the constant term is added in quadrature in the resolution and
Er is in GeV).

The CES is embedded at the depth of 5.9 radiation length in the CEM
measured from the solenoidal coil. The longitudinal shower development
becomes maximum at this depth in average. The CES is a proportional gas
chamber to measure the position and the lateral shape of the electromagnetic

shower at the maximum development. The CES is made up with strips
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CES chamber CPR chamber
Wires Strips Wires
(r-¢ view) | (z view) (r-¢ view)

Number of channels 32 69%,59° 16
Spacing (cm) 1.45 1.674,2.07° 2.2
Spatial resolution (cm) 0.2 0.2 -
Saturation energy (GeV) 150 150 >150
Chamber length in z (cm) 234 103
Chamber width in ¢ (°) 14.0 12.1

“For CES segment between 6 cm < z <115 cm.
For CES segment between 115 cm < z <240 cm.

Table 2.2: Description of the shower max detector (CES) and preshower
detector (CPR).

perpendicular to the beam axis and wires along the beam axis. It measures
the shower position in twodimensions with the resolution of 2 mm(r-¢:wire) x

2 mm(z:strip).

Central and Endwall Hadron Calorimeters: CHA,WHA

The central hadronic calorimeter (CHA) [21] lays after CEM, covering ||
up to 0.9. It is mounted around the solenoid consisting of steel plates and
acrylic scintillator. Because the CHA is placed in outer radius, it covers
the pseudorapidity range | n |< 0.9, with the end-wall hadron calorimeter
(WHA) extending this coverage out to | n |< 1.3. The CHA consists of 32
layers of 1 ¢m thick scintillator interleaved with layers of 2.5 ¢m thick steel.
The WHA is made up of 15 layers of 5 em thick steel followed by 1 e¢m thick

scintillator. It presents 4.5 absorption lengths of material and has an energy

resolution of 75% /v E @& 3%.

Forward Electromagnetic Calorimeter: FEM

The forward electromagnetic calorimeter (FEM) [22] is placed at ~ 6m away

from the nominal interaction point in the z-direction to provide the informa-
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tion of electromagnetic energy flow in the small angle region near the beam
line. Two FEM are placed in the forward and the backward of the CDF. The
FEM covers the pseudorapidity range from 2.3 to 4.2 (11° > 6,7 — 0 > 2°)
and has the full coverage in azimuthal angle.

The FEM is a sandwich calorimeter of 30 lead ( 96%P,,6%S, ) sheets
and 30 proportional gas chambers. The depth of the detector is 25.5 Xj.
The FEM is physically divided into quadrants at the z-z and y-z plane. The
cathode pads of the chamber layers are ganged in the longitudinal direction
in order to form the projective tower geometry of the unit of 0.1(n) x 5°(¢).
The tower has two depth segmentations both of which are 15 layers thick.
The anode wires of chamber do not form a tower as pads, but they are ganged
in each layer to form the sectors. The quadrant has 5 sectors per layers, and
those sectors are read out independently for each layer.

The anode information of individual layers is not used for energy mea-
surement itself, but used to reject the hit of slow neutron which mimic the
unexpectedly high energy signal in a tower [23]. The slow neutron can kick
out a slow proton in a detector, and the ionization energy loss of a slow pro-
ton is extremely larger than the one for the relativistic proton. Since a slow
proton cannot go through the lead radiator layer, the high dE/dx signal is

observed only in a single anode layer.

Forward Hadron Calorimeter: FHA

The forward hadron calorimeter (FHA) [24] measures the hadronic energy
flow in the small angle region. It is placed behind the FEM and those two
calorimeters provide a comprehensive energy measurements for this rapidity
region, 2.2< |n| <4.2. The structure of the FHA is similar to the FEM. It is a
sandwich calorimeter of 27 steel plates and 27 ionization chambers. The FHA

is also divided into quadrants, and the cathode pads in the chamber form
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the projective tower geometry with the unit of 0.1(An)x5°(A¢). The anode
wires in each chamber layer form six sectors. The signal from those wires
can be used to independently monitor the performance of the calorimeter
and to provide information on the longitudinal development of showers in
the detector.

In the analysis of the thesis, FEM and FHA are used to tag the rapidity

gap signal in this forward rapidity region.

2.4 Central Preshower chamber: CPR

The central preshower chamber (CPR) is a multi-wire proportional cham-
ber placed between the the CEM and the solenoid magnet coil. It samples
the electromagnetic showers that started in the solenoid magnet material
(1.075X,). It has 2.22 cm cells segmented in r-¢ and are positioned at a
radius of 168 cm from the beam line. It consists of four chamber divisions
spanning £1.1 units of pseudo rapidity 7.

In the electron identification, the CPR provides the useful information to
separate the real electrons from the hadrons which mimic the electron signal
in the CEM. An electron tends to start making a shower in the solenoid and
thus leave a large pulse in the CPR, while a hadron tends to leave only a

minimum-ionizing pulse.

2.5 Beam-Beam Counter: BBC

The beam-beam counter (BBC) consist of a set of scintillator hodoscopes
mounted around the beam pipe at ~6 m from the nominal interaction point.
The east and west BBCs cover the pseudorapidity range 3.24< |n| <5.89
(0.317° < 0 < 447°, 0.317° < m — 0 < 4.47°). The east BBC covers the
positive 1 range, and the west BBC covers the negative. The BBC is used

as the primary luminosity monitor. It also provides a relatively unbiased
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Figure 2.6: BBC counter.
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“minimum-bias” trigger.

The arrangement for the BBCs is shown in Fig. 2.6. Each set of counters
consists of 2 layers of scintillators; the layer closest to z=0 being mounted
horizontally and the other layer being mounted vertically. Their sizes are
adjusted so that they subtend roughly equal amounts of rapidity (An ~0.67).
Each scintillator is viewed by a phototube at each end.

In the thesis, the BBC is used as an important tool to tag the rapidity

gap signal in addition to the forward calorimeters.

2.6 Trigger

In the CDF, the cross section for the inelastic events which at least hit the
BBC in both sides is 50mb. On the other hand, the cross section for more
interesting events, for example W — ev is only 2 x 10 ®mb. It is thus
crucial for the experiment to implement the sophisticated trigger into the
detector complex.

The CDF employs a three-level trigger system [25, 26]. The idea behind
the multi-level trigger structure is to minimize the deadtime and to give a
flexibility for the system. Several kinds of triggers are implemented in each
level and the event is selected if it passes at least on of those triggers in each

level. The only those relevant to the analysis are described below.
Level-1

The Level-1 decision is made within the 3.5usec between beam crossings and
it therefore incurs no deadtime. In this level, the decision is made with
the simple information such as energy deposition in the calorimeter, the
coincidence of east and west BBCs and the existence of the stiff track in
the chamber (but no their positions). Neither no energy clustering nor no

tracking is made.
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The central calorimeter consists of projective towers of 0.1(n) x 15°(¢).
In order to reduce the number of signals, the logical trigger tower of 0.2(n) x
15°(¢) is produced by summing the analog outputs from adjacent two towers.
The electromagnetic and the hadronic towers are individually treated in the
trigger. The analog signal from the trigger tower is corrected for a bias
level and a gain variation, and then converted into a transverse energy by
giving a sinf weight according to the tower position. All those correction
are made in the analog stage. The trigger tower Er is compared with certain
threshold levels provided by programmable Digital-to-Analog Converter. The
main Level-1 trigger which accepts the central electrons is the one using Er
threshold of 8.0 GeV for the EM energy. When a particular analog signal is
over this threshold, the event is passed into the Level-2 stage.

Level-1 delivers a rate of a few kHz to the next level.
Level-2

In this stage, topological features, such as energy clusters and tracks, are
reconstructed and used for the event selection. This process needs ~20usec
and incurs about 5~10% deadtime.

The hardware energy clustering in the calorimeter is performed using the
analog signals from trigger towers. A list of the cluster properties, including
position, width, and transverse energy is compiled. The hardware track
reconstruction is also performed using the CTC outputs but only for r-¢
plane [27]. Results of those reconstruction are analyzed by fast computation
modules specialized to select each subjects; jets, electrons, muons and so on.
The “electron” events are selected based on the cluster width, the ratio of
electromagnetic to hadronic energy deposition and the presence of a high
pr track. In RUNI1B, the new hardware trigger which implements the CES

information was also used for electron selection [28].
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Level-3

When the event passes the level-2 trigger, the entire information from the
CDF' detector is digitized and readout by the front end scanners. After
finishing readout, the level-1 and the level-2 systems are released to evaluate
the next events again. The readout data are reformed into a standard format
for the offline analysis and then pushed into one of the buffers in the level-3
trigger system. The Level-3 trigger is a software trigger running on UNIX
machines. The system consists of 96 buffers and 48 nodes which process the
events in parallel. The electron selection in this stage is based on almost the
same information as used in the offline analysis. We will describe this event
selection criteria in the next chapter. The event which passes Level-3 trigger

is recorded on the 8 mm tape at a rate of about 10 Hz.
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Chapter 3

Event selection

In this chapter the b-quark event selection is described. We started with
the events that satisfy the “electron” requirement in the CDF trigger system
during the run time. However, substantial amount of the non-electron back-
ground still remains in this stage. We apply tighter electron identification
criteria to remove the non-electron background events. Additional require-
ments on the remaining events are made to enrich the b-quark event fraction.
It also ensure the good measurements of some variables (Impact parameter,
Pi¥!) used to estimate the b-quark event fraction. Finally the diffractive can-

didates are selected from the b-quark candidates by the rapidity gap tagging.

3.1 ©bb candidate selection
3.1.1 Central electron trigger

We start from the data sets which includes electron candidates observed in
the CEM. In this data sets, the following selection criteria have been applied

at the level-3 trigger. The terms used in this lists are described later.
o Er(ele)! >7.5 GeV

e Pr(ele)>6.0 GeV/c

!The transverse energy is calculated using the nominal interaction point
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Lsgr <0.2

HAD/EM<0.125

cluster-track matching at the CES: rA¢ < 3.0 cm

cluster-track matching at the CES: Az < 5.0 cm

X?trip <10

In order to avoid the trigger bias which kill the rapidity gap events, we
ensure that the events are not collected by the level-1 trigger of the west and
east BBC coincidence. We selected the events taken by the central electron
triggers (CEM_8_CFT_7_5_V# or CEM_8 CFT_7_5_XCES*) in order to compare the

physics results to the Monte Carlo simulation which models this trigger.

3.1.2 Electron identification

We first define the electron energy cluster in the central EM calorimeter.
Since the lateral size of electromagnetic shower is smaller than the size of sin-
gle tower, the maximum size of the electron cluster is restricted to the 3 tow-
ers in the 7 direction and only one tower in the ¢ direction [0.3(n)x15°(¢)].
The E7 threshold used for the clustering is 0.1 GeV. The “electron track” is
defined as the highest momentum track which points to the electron energy
cluster.

Electron identification at the CDF is basically performed using a signa-
ture of electromagnetic shower development in the EM calorimeter and the
presence of the track in the CTC.

However, a charged hadron which leaves a track in the CTC can mimic
the electron signature in the calorimeter by the energy deposition through
the 7% production in the material. The produced 7° immediately decays

into two photons that start an electromagnetic shower. This background
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(“hadron faking electron”) is difficult to separate since the shower shape is
basically identical to the electron.

Another source of event which mimics the electron signature is an overlap
hit of a charged hadron and photons on the same calorimeter cluster. In the
Tevatron, most of photons are produced by 7% — v decays in the QCD
jet. Those two photons from the 7° decay tend to point to the single elec-
tron energy cluster since the two photon system is highly boosted toward the
calorimeter comparing to the pion mass. The lateral shape of such electro-
magnetic shower caused by two photons is different from the single electron’s
one and this property is used to reject those events.

In order to suppress the above non-electron backgrounds we applied the

following electron identification cuts:
Hadronic energy fraction: HAD/EM

A ratio of hadronic to electromagnetic cluster energy HAD/EM is used to
identify the isolated electromagnetic shower signature. We use the upper
bound of the HAD/EM of 0.04 when a single CTC track is pointing to the
calorimeter energy cluster. When multiple tracks are pointing to the cluster,

we loosen the upper bound of the HAD/EM to 0.10.
Energy momentum ratio: E/p

The energy and momentum match is required since we selected isolated en-
ergy cluster for an electron candidate. This cut is useful to reject the acci-
dental overlap of charged hadrons and photons. We used the allowable E/p

range from 0.75 to 1.4.
Lateral shower shape adjacent towers: Lsyp

The energy sharing in adjacent towers for electrons is very different from that

for an overlap of photon and hadron. Most electrons deposit the energy on a
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single CEM tower since the typical lateral size of electromagnetic shower is
smaller than the tower size. On the other hand, an overlap event of charged
hadron and multiple photons could leave extra energies in towers adjacent
to a seed tower by multi-photon hit. So this type of background can be
suppressed by requiring a tower energy profile in a three-tower sum cluster.

The lateral shower profile Lgyr [29] is defined by comparing the measured
energy sharing to the test beam data.

E;zdj B Elprob

i \/0.142E + (AEf””"b)Z.

LSHR =0.14 x

Here, Efdj is the measured energy in the tower adjacent to the seed tower;
EP™" is the expected energy in that tower calculated from the seed energy of
the cluster, the impact point from the strip chamber, and the event vertex
using a shower profile parameterization from test beam data; E is the EM

energy in the cluster; and AE”" is the error in E”" associated with a 1-

(2
cm error in the impact point measurement. The sum is over the two towers
adjacent to the seed tower in the same azimuthal wedge. We required Ly,

to be less than 0.2 for an electron candidate.
Lateral shower shape in a seed tower: CES \?

A finer profile of a lateral shower shape in the seed tower is measured using
strip and wire information of the CES. This profile is also used to reject the
overlapping background.

In the CES, 11 strips (18~23cm) around the peak channel is used to
sample the shower shape perpendicular to the beam line. The shower shape
along the beam line is also sampled by the CES wires in the same way.

The measured energy distribution in strip and wire channels are compared
with those of test beam data to calculate a y2. We require the y? to be less

than 10.0 for electron candidates in both strip and wire views.
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Position matching: rA¢, Azsinf

The position matching of the shower centroid and the electron trajectory is
required to reject the overlapping background. The shower centroid of the
electron candidate is obtained by fitting the measured lateral profile with the
CES to that expected from the test beam profile, as described in the previous
section. The position in the local CES coordinate system is represent with
(Xeces,Zees), corresponding to r x ¢ and z in the CDF coordinate system.
The CTC track of the electron candidates is extrapolated to the detector
radius where the CES is placed to calculate the deviation of this extrapolated
track from the shower centroid. We require the deviation in the r-¢ view
AX es(=1A¢) to be less than 1.4 cm. We also require the deviation in the

polar angle view AZ,.,sin f(= Azsinf) to be less than 2.0 cm.
CPR charge

The CPR charge deposition is useful to reject the hadron faking electrons.
Since a hadron hardly start a shower before the CPR layer, it deposits less
charge in the CPR than real electrons.

The charge deposition in three CPR wires (6.6 cm) around an ‘electron’
trajectory are summed and then corrected depending on both the angle and
the momentum of the track (see Appendix B).

The CPR charge distribution for real electrons is significantly different
from for the hadron rich sample. We used an lower bound of the CPR
charge of 2.0 for electron identification, where the selection efficiency for real

electron(hadron) is 93%(46%).

3.1.3 Additional requirements

There are several other processes to produce real electrons aside from the

b-hadron decay.

38



One of the main source of the electron is a photon conversion process
in the detector material (yN — eTe " N). The Dalitz 7° — ete v decay
also produces the real electron. Those events are characterized by the pair
production of the two oppositely charged particles (e*e™).

The weak boson decay (W — ev, Z — ete™) is another source of the real
electron. The electron from this process is characterized by a large transverse
momentum because of a large mass of the weak boson, ~ 80 GeV /c?.

The most difficult source of the electron to separate is a semi-leptonic
decay of a charm quark. In order to achieve the separation of b-hadron from
c-hadron decay, we require a good reconstructed track for the electron in the
SVX and an associating jet around the electron track.

The additional requirements for the b-quark candidate selection is de-
scribed here. Some fundamental quality cuts to ensure the good measure-

ments of the electron energy are also listed.
Photon conversion rejection

The opening angle between the electron-positron pair produced by the pho-
ton conversion process is very small since the mass of the parent particle is
zero. This is also the case with the electron-positron pair which is produced
through a Dalitz decay 7° — e*e v because the mass of the parent is much
smaller than its kinetic energy.

To identify those events, a conversion partner track of the electron can-
didate is searched from all CTC tracks (“conversion finding method”). The
following cut are applied to an oppositely charged track to the electron can-

didate:
e |65] < 0.2(cm)

e |dcotf]| < 0.06
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The |0.5] is a distance between two trajectories when they become parallel in
the r-¢ plane. The |6 cot 0| represents a parallelism of two trajectories in the
r-z plane defined by the difference between cot 0 of two trajectories. If there
exists a track which satisfys the above requirements, we reject the candidate
as a conversion electron.

The another method to identify a conversion electron is to look a conti-
nuity of the drift chamber tracks. When a photon conversion take place in
the material between the two chambers, an ionization track is observed in
the outer chamber but not in the inner chamber. We use the hit occupancy
of the VIX (VT X,..) to reject the conversions occurring outside the VTX.
The VT X,.. is defined as a ratio of the number of VIX wire hits to the

number of wires which are expected to be fired by a particle.
o VI'X,. >0

Ideally, we should not have such “outside” conversions in the sample because
we require a hit in the SVX placed inside the VTX. However, it is possible
to link the hits in the SVX to the wrong CTC track in the actual track

reconstruction.
Weak boson rejection

W decay events (W — ev) is characterized by a large missing Er and a
large electron Ep. The missing Er, denoted by Fr is defined to be the vector
sum of transverse energy in calorimeter towers over the pseudorapidity range

|n| <3.6;

Br=|- > Er|.

n|<3.6

We use the following cuts to reject W decays:
e Er(ele) < 20GeV
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L ET < 20GeV

The electron from Z — ete™ decay also has a large Er. This event is

also rejected by the above electron E7 cut.
electron Er

We require the electron to have an Er above 9.5 GeV in order to minimize a
bias on the Ep spectrum due to a trigger inefficiency. The trigger efficiency

depends on both Ep and Pr.

e Er(ele) > 9.5GeV
Track quality

For the high precision measurement of the impact parameter, we require the
electron to have a good reconstructed track in the SVX. We require the track
to have the hits in at least three SVX layers. The Y? of the reconstructed

track divided by the number of hit SVX layers is required to be less than 6.

4 Nsv:r 23

i X?vx/NSUfD <6

In the CTC, reconstructed electron track was required to have at least 2
axial layers with at least 5 hits each and at least 2 stereo layers with at least

2 hits each.
Vertex position

To ensure the good energy measurement in the projected tower geometry of
the calorimeter, we require zy of the electron track to be within 60 c¢cm of
the nominal interaction point. However, this cut is somewhat too deliberate
because we require the electron to have a hit in the SVX which is £26 long

in 2z direction.

e |zp(ele)| < 60cm
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Associating jet requirement

In order to measure the pi ( see Sec. 5.2 ), the associating jet is required

for the electron track. Jets are reconstructed by clustering tracks in the
CTC, using the following algorithm [30]: all ‘good’ tracks with py > 1.0
GeV/c are found and placed into an array of ‘seed’ tracks; the seed tracks
are looped over and if another seed track lies within the cone R=0.4, where
R? = An? + A¢?, then the two seeds are merged into one by summing their
momenta vectorally; this process is iterated until no new merging occur; the
final phase of clustering consists of merging ‘good’ tracks with pr > 0.4
GeV/c that lie within the seed cones. Once the jets have been clustered, pi¢!
is calculated using the jet that is closest to the electron in R.

In this clustering algorithm, the ‘good’ track is defined by the following
conditions: the good track is reconstructed as a 3D track; the track have at
least 2 axial layers with at least 5 hits each and at least 2 stereo layers with
at least 2 hits each; the track has a common origin to the electron track,
|20 — zo(ele)| <5em; the impact parameter of the track is within 5.0 cm.

The associating jet to the electron is required to have at least 3 tracks

including the electron track.

Summary of the selection criteria
All selection criteria listed above are summarized in Table 3.1. We obtain

161,775 electron candidates using the above selection criteria.

3.2 Diffractive candidate selection: Rapidity
gap tagging

The diffractive b-quark production events in the about 160k electron candi-
dates are extracted using a rapidity gap method [10, 11].

We used two kinds of forward detectors in the rapidity gap analysis: the
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9.5 < Er(ele) < 20.0 GeV
HAD/EM< 0.04 for 1 track
HAD/EM< 0.10 for multiple tracks
0.75 < E/p <14
Lspyr < 0.2
X?tm’p < 10.0
XQwire < 10.0
AX s < 1.4 (cm)

AZ .esinf < 2.0(cm)

Good fiducial hit in the tower
CPR charge > 2.0
Conversion rejection
ET < 20 GeV
Good SVX track: Ny, > 3, X%/Nype < 6
Good CTC track
Associating jet must be reconstructed for the electron track
|20 (ele)| < 60cm

Table 3.1: Summary of the event selection cuts.

BBC (5.9 > |n| > 3.2) and the forward calorimeter (4.2 > |n| > 2.4). The
analysis is based on the BBC multiplicity and the number of calorimeter
clusters with energy above 1.5 GeV, in the same rapidity side. The cluster
energy threshold of 1.5 GeV is used to suppress the calorimeter noise. We
make the tower clusters as follows: We pick up the towers with E; above
0.1 GeV. For the towers with Er below 0.1 GeV, we apply the additional
requirements of E(EM) >0.5 GeV and E(HAD)>0.8 GeV. After this cut, all
survived towers neighboring to each other are clustered within the cone size
of \/(An)2 + (A$)2=0.25.

The correlation plot of the BBC multiplicity Ngpc and the cluster multi-

plicity N¢ is shown in Fig. 3.1. The +n and -7 sides are plotted in the same
figure. The distinct peak at the zero multiplicity bin (Ngpc = N = 0) is
observed in this plot. This is a rapidity gap signature of single diffractive
events. This gap is caused by an exchange of colorless object between two

incoming beam particles. We define the diffractive signal region to this zero
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multiplicity bin. In this diffractive signal region, 100 events are observed.
Figure 3.2(a) shows the electron E7 spectrum for the diffractive candidates
compared that for the whole electron sample. Those two spectra do not show
any significant difference. Figure 3.2(b) shows the pseudorapidity distribu-
tion of the electrons. Diffractive candidates tagged with positive rapidity
side are plotted after changing the sign of the electron 7 so that rapidity gap
is always come to left side of the plot. The diffractive candidates show a
small shift toward the opposite side of the rapidity gap.

The background fit of the non-diffractive events in the signal region is
performed using the one-dimensional multiplicity plot (Fig. 3.1(b)) obtained
by picking up the diagonal bins in Fig. 3.1(a). We fit the high multiplicity
region using a straight line and then extrapolate it to the diffractive sig-
nal region. The background fit yields 24.4+5.5 non-diffractive events in the
diffractive signal region.

We have checked a possible difference between two rapidity sides. The
number of diffractive candidates in each rapidity side is analyzed individually
as shown in Fig. 3.3 and Fig. 3.4. The number of diffractive candidates is
38.1+7.7 in the +n side and 37.948.4 events in the -7 side. We thus conclude

that the difference between two forward detectors is negligibly small.
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electron sample

523550

2 5 X’ /ndf 7.852 /7
© 250 = N°%Gg = 100.0 P 24.40 £ 5.545
- C e P2 14.08 + | 1.198
. - N°Go = 24.4 £ 5.5 (stat)
100 ——
50 |- oy = 0.756 + 0.114 (stat)
o | | | | L

0 2 4 6 8 10
NBBCs(=NClusts) —>

Figure 3.1: (a) BBC multiplicity versus adjacent forward calorimeter cluster
multiplicity (two entries per events). (b) Multiplicity along the diagonal axis
in the above plot. Non-diffractive background in the zero multiplicity bin is
estimated by a streight line fit.
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— Whole electron sample

® Diffractive candidates

10 12 14 16 18 20

N

— Whole electron sample

® Diffractive candidates
(+7 gap events are overlayed with flipped sign)

1/N dN/dn

- -0.75 -05 -0.25 0 0.25 0.5 0.75 1

(b) E

Figure 3.2: (a) Transverse energy spectrum of electrons. The solid histogram
shows whole electron sample and solid circles show the diffractive candi-
dates. (b) Pseudorapidity distribution of electrons. The solid histogram
shows whole electron sample and black circles show the diffractive candi-
dates. The diffractive candidates tagged by the +n side gap are plotted with
an inverted sign of its electron pseudorapidity.
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Figure 3.3: (a) BBC multiplicity versus cluster multiplicity in +7 side (two
entries per events). (b) Multiplicity along the diagonal axis in the above plot.
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Figure 3.4: (a) BBC multiplicity versus cluster multiplicity in -n side (two
entries per events). (b) Multiplicity along the diagonal axis in the above plot.
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Chapter 4

Background from non-heavy
flavors

In the previous chapter we described the selection criteria to make the sample
of the bb production candidates. We will call this sample as a “whole electron
sample”. Although we have applied tight electron cuts, we still have three
types of backgrounds in the whole electron sample: (i) charged hadrons faking
electron, (ii) electrons from photon conversions and (iii) electrons from c-
quarks. In the latter two backgrounds, we have real electrons. We estimate
the residual number of photon conversions using the efficiency of the method
used to reject conversions. The third background, electron from c-quarks, are
difficult to estimate. The method to estimate this background is described
in the next chapter.

In this chapter, we describe how to estimate the non-heavy quark back-

grounds, hadrons faking electrons and photon conversions.

4.1 Hadrons faking electrons

The electron quality cuts which we have applied to the data mainly use the
shower shape of the electrons and thus it is effective for removing the events
with multi-photon and hadron overlapping. However, this method has a

difficulty to remove the hadrons faking electrons because the shower shape
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of those hadrons is similar to that of the real electrons. In order to estimate
the fraction of those hadrons, we use the CPR charge distribution. At first we
make the templates for real electrons and hadrons using the control samples

as described below.

4.1.1 Control sample for CPR templates

Real electron sample

A real electron sample is made from a sample of events with photon conver-
sion identified using the conversion finding method as described in Sec. 3.1.3.

We apply the following selection criteria to make this sample:

e Apply all electron identification cuts shown in Table 3.1, except for the

requirements of CPR, conversion rejection and SVX hit

e Identify a conversion using the conversion finding method: [0S| <

0.2(cm) and |0 cot ] < 0.06

e Require the conversion to occur in the CTC inner wall: 30 > R +.- >

20 cm

e Require the measured Qcrc ( see Sec. 2.2 ) for the conversion partner
track to be larger than the predicted value for an electron track by one

sigma
o VI'X,..<0.2

The CPR distribution for this “pure” electrons are shown in Fig. 4.1(a). In

order to parameterize the distribution, we fit this distribution to the following

1 I—P(j 2
2 P;

The obtained fit function is used as a template for the real electrons.

empirical function:

P
f(z) = PiaPexp [ngp‘*] + Ff)exp
7

50



Hadron-rich sample

A hadron-rich sample is selected by removing the events satisfying the HAD /EM
requirement for electron selection in Table 3.1. We assume that the energy
deposition of hadrons in the CPR can be fitted to a Landau distribution since
the CPR is a gas proportional chamber. We fit the hadron-rich sample to a
Landau distributions plus the electron template. We practically use a sum
of two Landau distributions to make a better fit. The fit results are shown
in Fig. 4.1(b). The sum of two Landau distribution is used as a template for

the hadrons faking electrons.

4.1.2 Results of CPR fit

The amount of the hadrons faking electrons in the whole electron sample is
estimated by fitting the CPR charge distribution to the sum of electron and
hadron templates. The CPR charge cut listed in Table 3.1 is not applied to
this sample. The fit results for the whole electron sample and the diffrac-
tive candidates are shown in Fig. 4.2 and Fig. 4.3, respectively. The hadron
fraction of the sample after applying the CPR charge cut is calculated using
the cut efficiency for hadrons and electrons, 46% and 93%. We obtain the
hadron fraction of 25.840.2(stat)£0.6(syst)% for the whole electron sample,
and 30.445.1(stat)£0.8(syst)% for the diffractive candidates. The system-
atic uncertainty is estimated by changing the template shapes according to

their uncertainties.

4.2 Photon conversion electrons

The method to reject the photon conversion events is based on finding the

partner track of the trigger electron. Once the conversion finding efficiency
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Figure 4.1: (a) The CPR charge distribution of the control sample for the
real electrons. (b) The CPR charge distribution of the control sample for the
hadron-rich events.
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Figure 4.2: The CPR charge distribution for the whole electron sample. Open
circle represents the CDF data. The solid curve shows the fit to a sum of the
two templates, the electron (dotted) and the hadron (dashed).
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is known, the residual number of the conversions is calculated by,

: P x Nt
NTEU — (1 — g pppy) X ———22 (4.1)

conv
E:CO’I’LU

where £.0,, 18 the conversion finding efficiency, N!%9 is the number of con-
versions tagged by the method and P is a fraction of the conversions.
In the following sections, we describe the conversion finding efficiency and

the estimation of the residual conversion in the sample.

4.2.1 Conversion finding efficiency

The conversion finding efficiency is studied using the control sample obtained
by the VTX occupancy method. The VTX occupancy method identify con-
version electrons created outside the VTX (“outside-conversion”). So this
method is independent of the conversion finding method described in the
preceding section. The “outside-conversion” leaves no tracks in the VTX
and thus the VT X,.. become low. We select those kind of conversions by
requiring the VT X,.. to be less than 0.2 and also required no SVX hit for
the track to ensure the outside-conversion.

The conversion fraction in this sample is measured using the CPR charge
distribution. The CPR distribution for the VI'X conversion sample is shown
in Fig. 4.4. We categorize this sample into two components: (i) outside-
conversions correctly tagged with the VTX and (ii) any events accidentally
tagged with the VTX. Assuming that a probability of the accidental tagging
is independent of a physical process which produces a trigger electron, we use
the CPR distribution for the VTX-untagged events as the accidental tagging
component. In order to estimate the fraction of correctly tagged conversions,
we fit the CPR distribution with a sum of the two templates, real electron
and untagged events. The fit results are also shown in Fig. 4.4. The CPR fit

yields that the fraction of real conversion in this sample is 93%. We further
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apply a tighter CPR requirement (CPR>6.0) to this sample and obtain the

control sample of outside-conversions with 95% purity.
Estimation from tagging rate

The conversion finding method tags 79.5 + 1.0% of the conversions in the
control sample. Thus the conversion finding efficiency is found as £°"'=79.5
+ 1.0(stat)%. The starting point of the conversion pair is obtained with the
conversion finding method as shown in Fig. 4.5 in the radial coordinate. A
peak around the radius of 20~30 cm corresponds to conversions occurring
in the wall between the CTC and the VTX as expected from the method to

make this sample.

cut

Estimation from * and =

The efficiency of the conversion finding method is also estimated with a
different approach using the same control sample. We divide the efficiency
into two factors, the efficiency of the CTC to accept the partner track (=&*)
and the efficiency of the topological cut used in the algorithm (==").

In order to estimate the tracking efficiency =%, we plot the ppr spectrum
of the partner track as shown in Fig. 4.6. We further require the radial
conversion point to be in the CTC wall (20< R.+.- <30cm) to increase a
purity. A lack of events in a low momentum region below ~400 MeV /¢ is due
to the limited acceptance of the CTC for low momentum particles. We fit
the distribution to an exponential function in the pr range of 0.5< pr < 3.0
GeV/c to determine the number of events lack in the py region below 0.5
GeV/c. The tracking efficiency obtained by the fit is e"*=81.040.7%.

t we select conver-

In order to estimate the topological cut efficiency
sion partner tracks with sufficiently high pr for the reconstruction in the
CTC (pr >0.5 GeV/c). The distributions of 6S and ¢ cot § used in the con-

version finding method are shown in Figs. 4.7(a) and (b). The topological
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cut efficiency is e*=94.740.9%. By multiplying the above two efficiencies,
eF and £, the total efficiency of the conversion finding method is found

as " = 76.7+1.0(stat)%.

Combined results

The agreement, between the two estimations are fairly well. However, in the
second estimation we assumed that the partner track py distribution has an
exponential for without any proof. Therefore we used the first estimation
and take the difference between the two estimations for the systematic un-
certainty. The conversion finding efficiency is " = 79.5 + 1.0(stat) +
2.7(syst) %.

4.2.2 Residual conversions

Purity of the conversion-tagged sample

We have 161775 electrons in the whole electron sample after rejecting 25630
electrons as conversions using the conversion finding method. In order to
estimate the residual conversions, we study the purity of the conversions
tagged by the conversion finding method. The CPR distribution is used to
estimate the purity of the conversions in the same way as described in the
previous section by assuming that the accidental tagging probability is in-
dependent of the physical process. We thus fit the CPR distribution for the
conversion-tagged sample with a sum of the two templates: (i) electrons as
correctly tagged conversions and (ii) conversion-untagged sample as acciden-
tally tagged events. The CPR distribution is shown together with a fit curve
in Fig. 4.8. The fit yields 190924284 conversions in the 25630 tagged events.

The purity of the conversion tagged sample is 74.54+1.2%.
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M\NU\T% Fit to Plot 10109&0
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File! conv_tes_hipt.hbk 8§—-0CT—-98 21:50

Plot Area Tatal /Fit  36617. / 36617, Fit Status 3

Func Area Total/Fit 36550. / 36550. E.D.M. 7.115E-08
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Function 2: Histogram 200 O Normal errors
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Figure 4.4: The CPR charge distribution for the VTX tagged conversion
sample overlayed with the fit result. The dashed curve shows the contribu-
tion of pure conversion events. The dotted curve shows the contribution of
accidentally tagged events.
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Figure 4.5: The radius where the conversion occurs in the detector. A peak
corresponds to the thick material which forms the wall of the VI'X and the
CTC.
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Figure 4.6: Transverse momentum of the conversion partner track.

60



-
(@]
a

104

107

Events/0.05(cm)

10

10

o HH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ UL

Hﬁﬂﬂmﬂﬂﬂﬂﬂ

—-2.5 — -1.5 —1 —-0.5 0 0.5 1 1.5 2
5S (em)

(o)
10

4
10 cut cut

Events/0.01

107

107

10

HHLITH

-04 -0 -0.2 -=0.1 0 0.1 0.2 0.3 0.4 0.5
dcotd
(b)

|
©

Figure 4.7: Distribution of the cut variable for conversion rejection. (a)
separation of the two trajectory in the r-¢ plane. (b) ¢ cot @ of the two track.

61



Residual conversions in the whole electron sample

The number of residual conversions are calculated with Eq. 4.1.

. P x N9 (all
Nreszd(all> — (1 o 5conv> % X conv(a )

conv

€COTLU

0.745 £ 0.012) x 25630
0.795 £ 0.029

(1= (0.795 + 0.029)) X (

= 4924 + 172 events.

This results in a fraction of residual conversions of 3.0+0.1(stat+syst)%.
Residual conversions in the diffractive candidates

We have 100 electrons in the diffractive candidates, after rejecting 11 elec-
trons as conversions using the conversion finding method. In order to cal-
culate the number of residual conversions in the diffractive candidates, we
use the same conversion efficiency and purity as in the whole electron sam-
ple. The number of residual conversions in the diffractive candidates is
2.140.7(syst+stat) events. The corresponding fraction in the diffractive can-
didates is 2.120.7(syst+stat) %.
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Figure 4.8: The CPR charge distribution for the conversions rejected from the
whole electron sample. The fit result is overlayed. The dashed curve shows
a contribution of correctly tagged conversions. The dotted curve shows a
contribution of accidentally tagged events.
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Chapter 5

Determination of bb event
fraction

The amount of bb events in the data sample is estimated using the pi¢! and

the impact parameter distributions. Both distributions are fitted to a four
components sum of the hadron, the conversion, the ¢ and the bb templates.
The results described the previous chapter are used as constraints on non-
heavy flavor background fraction when we make this fit.

In this chapter, we started with the control samples to obtain the tem-

plates for the fit of the p7¥ and the impact parameter distributions.

5.1 Control samples for p/¥ and impact pa-

rameter fit
Monte Carlo sample for bb and cé

In order to obtain the templates for the bb and ¢ events, we use the PYTHIA 5.7
Monte Carlo simulator. We use the tuned PYTHIA 5.7 which was modeled
to reproduce the underlying multiplicity of [ + D° sample [31]. The b-quarks
and c-quarks are generated with pr above 12 GeV/c so as to produce a high
pr electron through its decay. In order to reduce the CPU time for the event
generation, both b and ¢ quarks are forced to decay into an electron plus

anything with the QQ Monte Carlo program which deal with b and ¢ hadron
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decays developed by the CLEO group [32]. The b and ¢ quarks generated at
the same time are not forced so as to keep the right branching ratio of their
decay. A generator-level filter simulates the effect of the Level-2 trigger. The

following pr dependent trigger efficiency is used in the trigger simulation,

~6.18 —7.48
elpr) = 0.927 x F (220 o p (PL— 0200
4.20 0.504

where F' represents the normal frequency function,

1 xr
F(I) = E/ 6_%t2 dt

The kinematical cuts of pr > 8 GeV/c and |n| < 1.2 are also applied to the
electron in the generator-level filter. The events satisfying the generator level
selection are processed by the fast CDF detector simulation (QFL). After the
detector simulation, the Monte Carlo events are treated as if they were real
data. Finally the events passing the selection criteria composes the samples

for the bb and the ¢ events.

Sequential b — ¢ — ¢ decay

The real data contains not only the electrons from direct b — e decays
but also the electrons from sequential b — ¢ — e decays. The fraction
of sequential b — ¢ — e decays in the electron sample is studied using the
Monte Carlo simulation without forcing to the semi-leptonic decay. Table 5.1
gives the fractions of electrons from the direct b — e decay and the sequential
b — ¢ — e decays.

The fraction of sequential b — ¢ — e decays in all bb events is found
to be 4.5+0.4%(stat). We use this event fraction to make the more precise
template for the bb events than with only the direct b — e decays.

In order to generate the sequential b — ¢ — e decay events, we force all
¢ hadrons with the parent of the b hadrons to decay semileptonically. The
event sample of this sequential b — ¢ — e decay is obtained in the same way

as stated above.
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b-hadrons B* B B, A, —
95.5 :i:O.Q(%) 38.0+1.3 /404413 |88+0.6|84+0.5 —

c-hadrons D* DO J/ D, A,
4.5i0.4(%> 1.5+0.2 1.3+£0.2 | 1.14+02]05+0.1]0.1£0.1

Table 5.1: Sources of the trigger electron in the bb Monte Carlo simulation
data.

Hadron sample with a SVX track

A hadron sample with a SVX track is selected with the following selection

criteria:

e Apply all electron identification cuts shown in Table 3.1 except for the
requirements of the HAD/EM and the CPR

e HAD/EM>0.04 for one track or HAD/EM>0.10 for more than one

track
e CPR charge < 2.0
e (Energy measured in the CES strip)/p < 0.5

e Require the measured Q¢ for the track to be smaller than the pre-

dicted value for electron

Photon conversion sample with a SVX track

A photon conversion sample with a SVX track is selected with the following

selection criteria:

e Apply all electron identification cuts shown in Table 3.1 except for the

requirements of the conversion rejection

e Identify a conversion using the conversion finding method: [6S| <

0.2(cm) and |0 cot #] < 0.06
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electron

b(B) quark

Figure 5.1: Definition of the pi¢’.

e Require the measured Qcre for the conversion partner track to be

larger than the predicted value for electron by one sigma

5.2 Results of p;" fit

The pr™® is the transverse momentum of the electron relative to the associ-
ating jet axis as shown in Fig. 5.1. It clearly reflects the mass of the parent
particle. The jet is reconstructed using the track information with the CTC
using the algorithm described in Sec. 3.1.1. In the py" calculation, the asso-
ciating jet axis is determined by subtracting the electron momentum vector
from the jet momentum vector so as to define the jet excluding the electron.

The pr"® templates of bb, c¢, hadron fakes and conversions are made using
the samples described in the previous section. Figures 5.2(a)-(d) show the
pr"¢ distributions for the samples. The templates are obtained by fitting the

distributions to the following empirical function [33],

1 x—Pﬁ 2
2 =

The templates for the bb events shown in Fig. 5.2(d) are obtained by studying

P
f(z) = PiaPexp [ngp‘*] + F‘r’exp
7

the two kinds of the b-quark decay modes, the direct b — e decay and the

sequential b — ¢ — e decay. The pr" distributions of the direct b — e
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decay and the sequential b — ¢ — e decay are shown in Figs. 5.3(a) and (b).
The distribution for the sequential b — ¢ — e decay shows softer spectrum
than for the direct b — e decay. We mix both templates for the direct
and sequential decays with a ratio of 95.5:4.5 to obtain the whole bb event
templates as shown in Fig 5.2(d).

We fit the pi¢! distribution for the whole electron sample to a sum of the
templates for the bb, c¢, conversion and hadron with the maximum binned
likelihood method described in Appendix D.1. In the likelihood function,
Gaussian terms are introduced to constrain the contribution of the conver-
sions and hadron faking electrons according to the results of the independent
analysis described in the previous chapter. The pp"® distribution for the
whole electron sample is shown in Fig. 5.4 together with a fitted curve. The
fit yields the bb fraction of 42.9 4 0.4(stat)% for the whole electron sample.

The pi¢! distribution for the diffractive candidates is also fitted to a sum
of the four templates with the maximum likelihood method (Appendix D.2).
The Gaussian terms are also introduced to constrain the contribution of
the conversions and hadron faking electrons. The py"¢ distribution for the
diffractive candidates is shown in Fig. 5.5 together with a fitted curve. We
obtain 38.1 & 13.5(stat) bb events in 100 diffractive candidates by this fit.

The fit results of the pr™¢ distribution are summarized in Tables 5.2 and

5.3.
hadron conversion cC bb
input from CPR || 4148941063 49244172 — —
and £.ony (25.6+0.7)% | ( 3.0£0.1)% - -
outputs 43554+931* 5000+168* 43668+726 | 691651724
(27.0£0.6)%* | ( 3.1£0.1)%* | (27.1+0.4)% | (42.9£0.4)%

Table 5.2: The number of hadron faking electrons, photon conversion, c¢ and

bb events in the whole electron sample obtained with the phs

fit. *Fit is constrained to the inputs.
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Figure 5.3: The ph¢! distribution for the Monte Carlo samples. (a) Direct
b — e decays (b) Sequential b — ¢ — e decays
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Figure 5.4: The pi¢' distribution for the whole electron sample. The results

of the four-component fit are also shown. Dashed curve shows hadron faking
electrons, dotted curve shows conversions, thick dashed curve shows c¢é and
thick solid curve shows bb.
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Figure 5.5: The pi' distribution of the diffractive candidates. The results of
the four-component fit are also shown. Dashed curve shows hadron faking
electrons, dotted curve shows conversions, thick dashed curve shows c¢é and
thick solid curve shows bb.
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hadron conversion cC bb
inputs from CPR 30.5+5.1 2.1+0.7 — —
and €.ony (30.5+5.1)% | ( 2.1+0.7)% — —
outputs 31.3+5.1* 2.1+0.7* 27.8413.2 37.8+13.6
(31.6+£5.1)%* | ( 2.2£0.7)%* | (28.1+13.3)% | (38.2£13.7)%

Table 5.3: The number of hadron, conversion, c¢ and bb events in the diffrac-
tive candidates obtained with the p4< distribution fit. *Fit is constrained

to the inputs.

primary interaction point

impact parameter

Figure 5.6: Definition of the impact parameter.

5.3 Results of impact parameter fit

The impact parameter is defined as a minimum distance between a primary
vertex and the electron track in a r-¢ plane as shown in Fig. 5.6.
The impact parameter reflects the mass and the lifetime of the parent

particle according to the following expression [34];

B k:1+ﬁcosﬁ*
k ~ [sing*

where ¢y, is a proper decay length of the parent particle, § is a velocity of
the parent particle and #* is an angle in space between the direction of the
parent particle and the electron track in the rest frame of the parent particle.
The impact parameter distribution for each control sample is shown in
Figs. 5.7(a)-(d).
The template for the hadrons faking electrons is obtained by fitting the

impact parameter distribution for the hadron sample to a sum of two func-
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tions, Gaussian and exponential.
2 1 ( x )2
V21 Py 2\ P,

Since most hadrons are produced directly at a primary interaction point,

f(z) =P + Pye™”

exp

the impact parameter distribution for the hadrons can be fit to a Gaussian
function which represents a detector resolution for the measurement. The ex-
ponential function represents a small contamination of electrons from heavy
flavor decay in the hadron sample. Only the Gaussian term is used for a
template for hadrons. We also use this Gaussian as a resolution function to
make templates for the bb and ¢ events as described below.

The impact parameter distribution for the conversion sample is parame-

terized by

+ P3€P4I + P5€P6$.

1 1/ 2\
flx) :lep;f%p [—5 <FQ>

The Gaussian term is a resolution function for the electrons from 7% Dalitz
decay. The exponential terms comes from the conversion electrons produced
in the material inside the detector.

In order to obtain the templates for electrons from heavy flavor decay, we
perform the following steps. At first we parameterize the impact parameter
distribution for the sample at a generator level. Next we smear the fit func-
tion according to the resolution function measured for the hadron sample.

Figures 5.8(a)-(c) show the impact parameter distributions for the Monte
Carlo sample of the direct b — e decays, the sequential b — ¢ — e decays
and the cc events at a generator level. These distributions are parameterized

by

f(2) gen =P1e™*" + Py (4 Psel®®)
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where the last term is only used for the b — e sample. The bb template
is made by adding the direct and sequential decay samples with a ratio of
95.5:4.5. Final templates for the c¢ and bb events are made by smearing the
parameterized functions using the resolution function.

We fit the impact parameter distribution for the whole electron sample
to a sum of the above templates with a maximum binned likelihood method
described in Appendix D.1. In the likelihood function, Gaussian terms are
introduced to constrain the contribution of the conversions and hadron faking

rel

electrons in the same way as in the pi** fit. The impact parameter distribution
for the whole electron sample is shown in Fig. 5.9 together with a fitted curve.
The fit yields the bb fraction of 47.7 4 0.4% in the whole electron sample.

The impact parameter distribution for the diffractive candidates is fitted
to a sum of above templates with a maximum likelihood method described
in Appendix D.2. The contributions of conversions and hadrons are also
constrained to the results described in Chapter 4. The fit yields 50.7 +
14.9(stat) bb events in 100 diffractive candidates.

The fit results of the impact parameter distribution are are summarized

in Tables 5.4 and 5.5.

hadron conversion cC bb

inputs from CPR || 41489+1063 49244172 — —

and €cone (25.6+0.7)% | ( 3.0£0.1)% — —
outputs 48398+852* 5160£171* | 3053841306 | 767924653
(30.1£0.5)%* | ( 3.24£0.1)%* | (19.0+0.8)% | (47.7+0.4)%

Table 5.4: The number of hadron faking electron, conversion, c¢ and bb in
the whole electron sample obtained with the impact parameter fit. *Fit
is constrained to the inputs.
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Figure 5.7: The impact parameter distributions for (a) hadron faking elec-
trons, (b) photon conversions, (c¢) ¢¢ Monte Carlo, and (c) bb Monte Carlo
(dashed curve:direct b — e decays, dotted curve:sequential b — ¢ — e de-

cays).
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c C Input f(had)=( 25.6 + 0.7 )%
N C Input f(con)=( 3.0 + 0.1 )% o DATA
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Figure 5.9: The impact parameter distribution for the whole electron sample.
Results of the four-component fit are also shown. Dashed curve shows hadron

faking electrons, dotted curve shows conversions, thick dashed curve shows
c¢ and thick solid curve shows bb.
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Input f(had)=( 30.5 + 5.1 )%

Input f(con)=( 2.1 + 0.7 )% ® DATA

N(DATA) =  100.0
N(FIT) =  100.6

FIT
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Figure 5.10: The impact parameter distribution for the diffractive candidates.
Results of the four-component fit are also shown. Dashed curve shows hadron
faking electrons, dotted curve shows conversions, thick dashed curve shows
cc and thick solid curve shows bb.
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hadron conversion cC bb
inputs from CPR 30.5+5.1 5.4+1.8 — —
and €.ony (30.5+5.1)% | ( 2.1+0.7)% — —
outputs 30.1+5.1* 2.1+0.7* 17.6+17.1 50.7+14.9
(30.0£5.0)%* | ( 2.1£0.7)%* | (17.5+17.0)% | (50.5£14.8)%

Table 5.5: The number of hadron faking electron, conversion, c¢ and bb in
the diffractive candidates obtained with the impact parameter fit. *Fit is
constrained to the inputs.

5.4 Combined results

For the whole electron sample, the number of bb events is estimated to be
69165 + 931 (stat) and 76792 + 653(stat) by the pr" and the impact param-
eter fits, respectively. We combine two results by taking a weighted mean
and obtain 73371 4 485(stat) bb events in the whole electron sample. The
corresponding bb fraction is 45.440.3(stat)%.

For the diffractive candidates, we fit both py™ and impact parameter
distribution simultaneously with a maximum likelihood method. The fit
results are shown in Fig. 5.11. We estimate that the number of bb events in
diffractive candidates to be 44.4410.2(stat).

The fit results are summarized in Tables 5.6 and 5.7.

hadron conversion cc bb

input from CPR || 41489+1063 49244172 — —

and £.ony (25.6+0.7)% | ( 3.0£0.1)% - -
output by 43554+931* 5000£168* 43668726 69165742
Py fit (27.0£0.6)%" | ( 3.140.1)%" | (27.1£0.4)% | (42.940.4)%
output by impact | 48398+852* 5160£171* 30538+£1306 | 76792+653
parameter fit (30.1£0.5)%* | ( 3.240.1)%* | (19.0£0.8)% | (47.7£0.4)%

Table 5.6: The number of hadron faking electrons, conversion, c¢ and bb in

the whole electron sample by the p7

constrained to the inputs.

rel
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hadron conversion cC bb
inputs from CPR 30.5+5.1 2.1+0.7 — —
and e (30.5+5.1)% | (2.1£0.1% — —
output by 31.3+5.1* 2.1+0.7* 27.8+13.2 37.8+£13.6
phet fit (31.6+5.1)%* | ( 2.2£0.7)%* | (28.1+13.3)% | (38.2£13.7)%
output by impact 30.1+5.1* 2.1+0.7* 17.6+17.1 50.74+14.9
parameter fit (30.04+5.0)%* | ( 2.1£0.7)%* | (17.5+17.0)% | (50.5+£14.8)%
output from combined 30.1+4.9* 2.24+0.7* 24.0+11.3 44.4410.2
i.p.+phe (29.94+4.9)%* | ( 2.1£0.7)%* | (23.9+11.3)% | (44.1£10.2)%

Table 5.7: The number of hadron faking electrons, conversion, c¢ and bb in

the diffractive candidates by the p/f

constrained to the inputs.

rel
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Chapter 6

Ratio of the diff{'active to the
non-diffractive bb production

The number of bb events in both the whole electron sample and the diffrac-
tive candidates are estimated in the previous chapter. In this chapter, we
calculate the ratio of the diffractive to the non-diffractive bb production R
using these results. At first we describe the correction factors due to the
limited acceptance of the rapidity gap method which is used to select the
diffractive candidates from the whole electron sample. The ratio R;; is then
calculated. The systematic uncertainties on R,; are estimated in the final

section.

6.1 Acceptance for the rapidity gap tagging
6.1.1 Acceptance for single interaction events

The efficiency of the rapidity gap tagging is limited to the events with only
one pp interaction in a single bunch crossing although we allow the events
to have multiple reconstructed vertex in the VTX. The reason for this in-
efficiency is the following: when the extra pp interactions occur in a single
bunch crossing, generated particles from these interactions always kill the
rapidity gap signal. The acceptance for the single interaction is evaluated as

a function of the luminosity.
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The mean luminosity for a single bunch crossing (Lyuncn) is calculated

with an instantaneous luminosity L;,, measured by the BBC hit rate,

Cacc X Lins
b =G )

0.9772 x 8.415
© 286.278
=0.02872(mb™")

(cm =1 — 0.002704 x <Lmst>>

where C,.. is the accidental correction factor [35] for L;,s and f is the fre-
quency of a bunch crossing in the Tevatron.
Using the above (Lyunen), the average number of inelastic pp interactions

in a single bunch crossing is given by,

(n) =0Bc X (Liunch)
=51.15 x 0.02872

=1.469

where oppc is the cross section of an inelastic pp interaction which hits
the BBC [35, 40]. Finally, the acceptance for events without extra visible

interactions is given by the Poisson statistics,

Alvr :ei<n>

=0.230.

6.1.2 Livetime efficiency of the BBC and the forward
calorimeter

Any noises in the BBC or the forward calorimeters kill the rapidity gap
signal. The no-noise probability of the BBC and the forward calorimeters
is estimated by studying a rate of noise hits in those detectors for events
with no reconstructed vertex in the VTX. Although our analysis is done

for RUN1B data, we use RUNITA clock trigger data to study this efficiency
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because there are no such unbiased triggers in RUN1B. Figure 6.1 shows
a probability of no-noise in the forward detectors plotted as a function of
an instantaneous luminosity. The noise associated with the luminosity is
observed in the plot. We parameterize the luminosity dependence of the
noise using a linear function and then estimate the probability of no-noise in
our RUNI1B electron sample. The probability of no-noise is 0.805 and 0.739
for —n side and +n side, respectively. Since the number of observed rapidity
gap signals are the same in each sides (see Sec. 3.2), we take the mean of two

numbers for the probability of no-noise in our sample,

Alive :0772

6.1.3 Gap acceptance for diffractive events

The acceptance for the rapidity gap tagging for the diffractive bb event is
evaluated using POMPYT 2.6 Monte Carlo simulator [36]. POMPYT 2.6 is
an add-on program of the PYTHIA 5.7. The simulation is based on the
Ingelman-Shelin model as described in Chapter 1. The POMPYT 2.6 employs
the following steps for the event generation. At first, “pomeron” having the
momentum of 900 { GeV/c is emitted from the beam particle. The kinemat-
ical parameters of the pomeron (¢,&) are randomly determined according to
the Donnachie-Landshoft flux, where £ is the fractional momentum of the
pomeron carrying to the proton and t is a momentum transfer squared. We

use the following parameters in the DL flux model,

Go? = 3.202 GeV ™2 effective quark — pomeron coupling
¢ =0.115 intercept of the pomeron trajectory
o =0.26 GeV™2 slope of the pomeron trajectory

aé’fp = 2.3 mb pomeron — proton total cross section
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Figure 6.1: The probability of no-noise in both BBC and forward calorimeters
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mean instantaneous luminosity of the whole electron sample (RUN1B). (a)
The probability of no-noise in west side (7 < 0) detectors. (b) The probability
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86



Next the hard collision between the partons in the pomeron and the target
particle is simulated using the leading order perturbative QCD calculation
with the PYTHIA 5.7. We use the EHLQ) set-1 structure function to simulate
the parton density in the proton as used in the previous CDF studies for the
diffractive W [11] and the diffractive dijet production [10]. The fragmentation
process of the outgoing partons are simulated with the JETSET 7.4.

We use the two kinds of the structure function, “flat” distribution (zf,,,/r(2)
~ 1) and “hard” distribution (zfy4/p(2) ~ 2(1 — 2)) for the pomeron. The
kinematical ranges of the event generation is limited for £ below 0.1 and |¢|
below 5.0 GeVZ/c%. The b-quarks are generated with py above 12 GeV/c.
The restriction to the semi-leptonic decay and the simulation of the CDF
detector including the Level-2 trigger are made as described in Sec. 5.1. The
simulated events are filtered using the same selection cuts as described in
Chapter 3 except for the CPR charge requirement.

Using the filtered sample, the particle multiplicity at the location of the
forward detectors is further simulated using the full detector simulation pro-
gram CDFSIM which simulates the interactions in the detector material. The
output signal from the detector for the low energy particles is not correctly
modeled in the CDFSIM and QFL. Instead of these simulators, we simply model

the response of the forward calorimeter by the following equation,
Ev;)bs — Sz % pgen + C’L

where p9°" is a momentum of the particle, S; and C; are energy correction
factors determined as a function of each n of the tower. The detail of this
model is described in Appendix C.

The final results of the multiplicity simulations are shown in Figs. 6.2(a)-
(d) for the four kinds of pomeron model, flat-gluon, flat-quark, hard-gluon,

and hard-quark, respectively. The acceptance for the rapidity gap tagging,
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Nppc=0 and N,s=0, is found to be,

ALl =0.406, (Flat Gluon pomeron)
Aian =0.273, (Flat Quark pomeron)
Agg =0.359, (Hard Gluon pomeron)
Agg =0.217. (Hard Quark pomeron)

The kinematic variable £(< 1) is related to the size of rapidity gap An by

the following equation,
An~ —Iné.

The size of the rapidity gap increases as the pomeron ¢ decrease. Fig-
ures 6.3(a)-(d) show the ¢ distributions of the simulated events. The events

tagged by a rapidity gap is populated in the £ range below 0.1.

6.2 Ratio of the diffractive to the non-diffractive
bb production

The number of bb events found in the diffractive signal region is Ny;(0,0) =
44.4 + 10.2 events as described in Sec. 3.2.

Since this number contains the contribution of the non-diffractive bb
events, we have to remove this contribution at first. The non-diffractive
events in the diffractive signal region is NV?(0,0) = 24.4 events as described
in Sec. 3.2. Assuming that the fraction of bb events in the non-diffractive
sample does not depend on the forward multiplicity, we obtain the number

of the bb events in the above backgrounds,

NFP(0,0) =NYP(0,0) x f}”
—=24.4 x (0.454 4 0.003)

=11.1 + 0.08(stat) events.
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Figure 6.2: Simulated multiplicity distribution for the diffractive bb events
with (a) flat-gluon pomeron, (b) flat-quark pomeron, (c) hard-gluon

pomeron, and (d) hard-quark pomeron.
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Figure 6.3: Simulated ¢ distribution for the diffractive bb events. Shaded
area shows the events tagged by a rapidity gap in the forward detectors with
(a) flat-gluon pomeron, (b) flat-quark pomeron, (c¢) hard-gluon pomeron, and

(d) hard-quark pomeron.
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The number of diffractive bb events in the signal region is found to be
33.3+£10.2(stat).
The total number of diffractive bb events in the whole electron sample is

calculated by correcting the acceptances,

1 » 1 1
Alvac Alive Ag;g
1 1 1
X X
0.230  0.772  0.406
= 461 £ 142(stat) events.

NE'(€ < 0.1;FG) = {Ng(0,0) — NJ”(0,0)} x

= (33.3+10.2) x

The total number of bb events in the whole electron sample is 733714-485(stat)
events. The ratio of the diffractive to the non-diffractive bb production is ob-

tained,

NYF(E<01;FG) 461 £ 142
NXD 73371 + 485
= 0.63 + 0.19(stat)%

Since the gap acceptance is a model dependent quantity, we show here the

result without correcting the gap acceptance,
Ry;(GAP) = 0.255 4+ 0.078(stat)%

where “GAP” means no energy deposition above 1.5 GeV in the forward
calorimeter (2.4 < |n| < 4.2) and no charged particle hit in the BBC (3.2 <
In| < 5.9).

The ratio of the diffractive to the non-diffractive bb events after the gap

acceptance correction is listed for each pomeron models below,

Flat — Gluon : Ry;(¢ < 0.1; FG) = 0.63 4 0.19(stat)%
Flat — Quark : Ry;(£ < 0.1;FQ) = 0.93 £ 0.29(stat)%
Hard — Gluon : Ry;(€ < 0.1; HG) = 0.71 £ 0.22(stat)%
Hard — Quark : Ru;(€ < 0.1; HQ) = 1.18 £ 0.36(stat)%
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6.3 Systematic uncertainties

We have measured the bb fraction in the whole electron sample using two in-
dependent methods, the p;/"¢ fit and the impact parameter fit. The difference
in the bb fractions between the two methods is 10.6% relative to the com-
bined result of the measurements. We assign this difference as a systematic

uncertainty on the bb fraction for the whole electron sample.

ND
Ry _ N 0.106
Ryp bb(N D) N(f}:D

We also assign this relative uncertainty of 10.6% as the systematic uncer-
tainty on the bb fraction in the diffractive candidates.

5 Rb(_)
Ry

SNw(0,0)  0.106 x 44.4
(

b5(0.0) - NPIF(0,0) 33.3
=0.141

The method to estimate the non-diffractive background in the diffrac-
tive candidates was described in Sec. 3.2. We use the uncertainty in the
background fitting as a systematic uncertainty.

5 RbB
Ry

_ ONFP(0,0)  5.55 x 0.454
e NPT(0,0) 33.3
= 0.076

The systematic uncertainty due to the single interaction acceptance is

calculated using the oppc uncertainty of 1.7mb [40].

5Rb(; 5A1v:v

- — - Lunc )

Ry . A, < b h> X (UBBC)
= 0.049

We measure the livetime efficiency of the BBC and the forward calorime-
ter using RUN1A “empty” events, but the BBC condition in RUN1A is not
identical to that in RUNI1B since four BBC modules are dead in RUNTA
while they are alive in RUN1B. On the other hand, the BBC in the west side
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is kept in the same condition through RUNTA and RUN1B. The difference
in measured efficiencies between the east side and the west side is 0.066. We
assign this difference as a systematic uncertainty on the live time efficiency

of the BBC and the forward calorimeter.

0 Ryp _ 0Aupe  0.066
Ryp 1 1ve B Alive - 0.772
= 0.086

The systematic uncertainty due to the gap acceptance for the diffractive
events depends on the model of the Monte Carlo program and the forward
detector simulation. We restrict our study in the models where the pomeron
has a flat structure function, zf,4/p(2) ~ 1 or a hard structure function,
2fgqp(2) ~ z(1 — 2). We estimate the uncertainty due to the detector
simulation by changing the energy correction factors and offsets according
to the fitting errors. We found this uncertainty to be +1.5%. Taking a
quadratic sum of the statistical uncertainty for the Monte Carlo events and
this uncertainty, we obtain the systematic uncertainty on the Monte Carlo

gap acceptance as:

ORy _ 0Agupre) _ VO.0I52 + 0019 _ o
R |gap(rey  Agan(re 0.406

% = 0.082

Ry 9ap(FQ)

% = 0.078

Ry gap(HG)

% = 0.090

Rip gap(HQ)

Including all systematic uncertainties, the ratio of the diffractive to the

93



non-diffractive bb production is measured as:

(€ < 0.1;FG) = 0.63 £ 0.19(stat) £ 0.14(syst)%
Ry (€ < 0.1; FQ) = 0.93 £ 0.29(stat) + 0.22(syst)%
Ry;(€ < 0.1;HG) = 0.71 £ 0.22(stat) £ 0.16(syst)%
i ( ( (

£ <0.1;HQ) = 1.18 £ 0.36(stat) + 0.27(syst)%

All systematic uncertainties discussed in this section are listed in Ta-

ble 6.1.
The number of bb events in the whole electron sample | 10.6%
The number of bb events in (0,0) 14.1%
The number of non-diffractive bb events in (0,0) 7.6%
Acceptance for single interaction 4.9%
Live time efficiency for the forward detectors 8.6%
Monte Carlo gap acceptance 5.9%
Total systematic uncertainty 22.3%

Table 6.1: Systematic uncertainties relative to the R,; for the flat-gluon
pomeron model.
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Chapter 7

Comparison with the
theoretical prediction

The theoretical prediction for the R,; is obtained using the Monte Carlo sim-
ulator with the DL pomeron flux. POMPYT 2.6 and PYTHIA 5.7(non-tuned)
are used for the diffractive and the non-diffractive processes, respectively.
We use EHLQ set-1 structure function [37] which has been confirmed [11] to
give the correct underlying multiplicity in minimum bias pp scattering in a
wide range of /s including the typical /s of the pomeron-proton scattering
in the diffractive bb production, y/s ~ 300 GeV. The results of the simulation

are summarized in Table 7.1.

‘ Opp (,Ub> ‘ Npassed/Ngen(%> ‘ Rbl;(%>

non-diffractive | 9.45x107! 0.26 -
Flat-Gluon 1.22x107! 0.21 10.4
Flat-Quark 1.35x1072 0.17 0.92
Hard-Gluon | 1.26x107" 0.23 11.6
Hard-Quark | 1.29x1072 0.19 1.02

Table 7.1: Theoretical Model prediction for the diffractive bb production

For the flat-gluon structure function of the pomeron we obtain R%°(FG)
= 10.4 %, and for the flat-quark pomeron we obtain RY°(FQ) = 0.92%.
The CDF data yields RPA(FG) = 0.63 £ 0.24 (stat+syst)% for the flat-

gluon pomeron, and RPAT(FQ) = 0.93 & 0.36 (stat+syst)% for the flat-quark
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pomeron. This result favors the flat-quark pomeron, but the magnitude of Ry
depends on the model of the pomeron flux factor, which cannot be uniquely
determined by the Regge theory.

The discrepancy of the flux factor between the data and the theory can
be evaluated as a function of the gluon fraction, f,, of the flat(or hard)
component of the pomeron by comparing the experimental value of R,; with
the Monte Carlo predictions [10, 11, 41]. The discrepancy factor D is defined

as,

RDAT

D = i 7.1
R%/[Gcfg"FREMg(l_fg) ( )

D=1 means the DL flux is correct, i.e. the factorization of the pomeron flux
is right. Figure 7.1(7.2) shows the measured D for various experiments as
a function of the flat-gluon (hard-gluon) fraction f,. The band in the plot
shows the £1 o values of the measurements. The thick solid curve shows
the £1 o limit of the diffractive b-quark measurements. In the calculation of
the REBAT, we take account of the change in the gap acceptance according to
the quark to gluon ratio. The measured curve of the D vs f, for the “flat”
structure pomeron (Fig. 7.1) is almost the same as for the “hard” structure
pomeron as shown in Fig. 7.2. In other measurements, CDF diffractive-W
production [11], CDF diffractive-dijet production [10] and ZEUS measure-
ments (DIS + photo-jet production) [8], the “hard” structure function is used
to calculate the discrepancy factor D. The diffractive W-boson production is
observed using the electron from W — ev decay in the central rapidity region
(In] < 1.1), and the ratio of the diffractive to the non-diffractive W-boson
production is measured as Ryy=1.1540.55% assuming the gap acceptance of
the hard-quark pomeron. The diffractive dijet production is measured using
the forward dijets with E7 >20 GeV in the rapidity region of 3.5> |n| >1.8
and the ratio of the diffractive to non-diffractive dijet-production is measured

as Rj;= 0.75 £ 0.05(stat) = 0.09(syst) % assuming the gap acceptance of
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the hard gluon pomeron.

The overlap of the bands from the three CDF results shows the allowed
range of the D and f, at the 68% confidence level corresponding to 1o. The
bands slightly meet at their edges of f, ~0.5 and D ~0.2. This result of the
gluon fraction is consistent with the results from the ZEUS measurements,
0.3< f, <0.8. However, the discrepancy factor D ~0.2 is significantly smaller
than the ZEUS results. The discrepancy of the pomeron flux between the
CDF and the ZEUS (or DL flux) has already been seen for the diffractive
W production and the diffractive dijet production. The CDF results suggest
that there is a problem in the hypothesis of the factorization of the pomeron
flux described in Chapter 1 [42].

There is a phenomenological model which predicts the break down of the
factorization using the “renormalized” pomeron flux [42]. The renormalized
flux is defined as the DL flux normalized, if its integral exceeds unity, to one
pomeron per nucleon. The discrepancy factor predicted by the renormalized
flux is Dp=1/(94>")~0.13, where we used $=0.5 [42, 43]. Assuming the
gluon fraction of the 70% measured for the diffractive W and the diffractive
dijet productions, the discrepancy factor of the diffractive bb production is
measured to be D=0.0940.04, which agrees with the prediction from the

renormalized flux.
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Figure 7.1: The flux discrepancy factor D versus gluon fraction f, (see text).
Results are shown for ZEUS (dashed-dotted), CDF-dijets, CDF-W and CDF-
b quark measurements. The “flat” structure function is used for the
CDF-b quark measurement. The “hard” structure function is used for
all the other measurements. The CDF-W result is shown for two (dotted)
or three (solid) light quark flavors in the pomeron. The shaded band shows
the £10 bounds of the measurements.
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Figure 7.2: The flux discrepancy factor D versus gluon fraction f; (see
text). Results are shown for ZEUS (dashedOdotted), CDF-dijets, CDF-W
and CDF-b quark measurements. The “hard” structure function is used
for the CDF-b quark measurement. The “hard” structure function is
used for all the other measurements. The CDF-W result is shown for two
(dotted) or three (solid) light quark flavors in the pomeron. The shaded band
shows the +£1¢ bounds of the measurements.
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Chapter 8

Conclusion

The bottom quark production in the single diffraction has been first observed
in pp collisions at \/s=1.8 TeV using the forward rapidity gap method. The
high-pr electron in the central rapidity region (|n| <1.1) is used to identify
the decay of the produced bottom quark. The ratio of the diffractive to
the non-diffractive bottom quark production is obtained using the model
dependent acceptance for the rapidity gap signal. For the four kinds of the

pomeron model, the ratio is measured to be;

Ry;(€ < 0.1;FG) = 0.62 £ 0.19(stat) & 0.14(syst)%
for the flat — gluon pomeron model,
Ry (€ < 0.1;FQ) = 0.93 + 0.29(stat) & 0.22(syst)%
for the flat — quark pomeron model,
Ry, (€ < 0.1; HG) = 0.71 + 0.22(stat) &+ 0.16(syst)%
for the hard — gluon pomeron model,
Ry (€ < 0.1; HQ) = 1.18 4 0.36(stat) + 0.27(syst)%

for the hard — quark pomeron,

where electron from bottom quark is observed in the kinematic region of 9.5
< B¢ < 20 GeV and |n“°] < 1.1.

The measured ratio is compared to the results of the diffractive W and
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the diffractive dijet productions. Results of the three measurements are con-
sistent with each other. The results yields the gluon fraction of f, ~ 0.5,
and the flux discrepancy factor of D ~0.2. The large deviation of D from 1
suggests that there is a problem in the hypothesis of the factorization of the

pomeron flux [42].
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Appendix A

Regge pole phenomenology

A.1 Regge pole

Aside from the theory of quarks and gluons, there have been an old phe-
nomenological approach to explain the asymptotic behavior of the hadron-
hadron collisions. This phenomenology is called Regge pole phenomenology or
Regge theory in short. In the framework of the Regge theory, a soft hadron-
hadron collision is described by the exchange of bunch of mesons which have
adequate quantum numbers for the exchange process. Those exchanged ob-
jects are called Regge poles.

Outline of the Regge theory is briefly described here using 2—2 scattering
of spin less particles [2, 3]. The Mandelstem variables s and ¢ are used. The
s is a center of mass energy squared and the t is a momentum transfer
squared. The Lorentz invariant amplitude of the 2—2 scattering process can

be expressed by the partial wave expansion,

o0

Avecals,t) = D221+ Darls) P(L+2t/5), (A1)

=0

where [ is a quantum number of orbital angular momentum and P, is a
Legendre polynomial. This expression can be transformed into the following

form using the crossing symmetry,

o0

Aahsea(s,t) = (21 + Dar(t)Pi(1 + 2s/1). (A.2)

=0
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Figure A.1: Complex angular momentum plane.

The summation about [ can be rewritten into the integral form in the complex

angular momentum plane using the analytic property of the amplitude,

A(s, t) = l7[ di (2% 1) > (n+6_m)a(’7)(l,t)P(l, 1+2t/s), (A.3)

2 sin 7l e 2

where the contour C' surrounds the positive real axis as shown in Fig. A.1.
atV and a(~Y are the analytic continuations of the even and odd partial
wave amplitude. The n takes the values +1 and is called the signature of the
partial wave. The signature is introduced to separate two alternating signed
amplitudes owing to the term of (—1)!. Let us suppose for simplicity that
the system has just isolated poles at I=a,, (t) of the form a(™ (I, t)=4,, (t)(I—

o, (t))~!. The above integral can be reduced into the sum of the residuals

by deforming the contour C into the contour C’ as shown in Fig. A.1. For

this particular case we arrive at

« e_iﬂ'ann (t)
= Z (200, <77 i )ﬁn,,(t)P (am, (t), 1+ 25/1)

sin T 2
n==+1 ny "

+ (integral on C"). (A4)

The simple poles ay, (t) are called Regge poles. When we take a limit of

s/|t| = oo, the integral term along the contour C’ behaves as ~ s~/ and so
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Figure A.2: The Chew-Frautschi plot.

it vanishes. In general, the existence of a single particle state in a theory is
appeared as a pole in the transition amplitude. Thus Eq.A.4 shows that the
Regge pole with a physical integer value of [ = Re{a,, (t)} corresponds to a
particle with spin-/. In this picture, the scattering process can be interpreted
as exchange of the Regge pole (or Reggeon) with adequate quantum numbers
in the exchange process.

In the high energy limit, the dominant term among the residuals in Eq.A.4
comes from the Regge pole with the largest value of Re{a, (t)} (leading

Regge trajectory). Eq.A.4 can be then approximated to,
A(s, t) ~ 520, (A.5)
where we used asymptotic behavior of the Legendre polynomial,

P (14 2s/t)

s>, T'(20+1) (f)l
2(04+1) \t
The function shape of the Re{«a(t)} can be investigated by plotting the spin

against the square of the mass for existing particles. Figure A.2 shows the
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Figure A.3: Optical theorem.

mesons which can be exchanged in the pp — pp scattering process. Those
mesons lie in a straight line as shown in the plot and this property means

the trajectory of the «(t) is a linear function of ¢,
a(t) = a(0) + a't
where

a(0) = 0.55

o/ =0.86 (GeV™?).

It is also observed that most of mesons and baryons can be assigned on the

Regge trajectories of straight lines [2].

A.2 Pomeron

The amplitude of the elastic scattering is related to the total cross section
through the optical theorem,

1
opr = =Sm{Au_aw(s,t =0)}. (A.6)
s

The optical theorem is shown schematically in Fig. A.3. From Eq.A.6 and
Eq.A.5 we can obtain the asymptotic behavior of the total cross section for

pp collision,

05’3” o (01 _ (~0.45

Thus a behavior of the total cross section decreasing according to s7%45 is

expected from the leading Regge trajectory shown in Fig. A.2.
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Figure A.4: Total cross-sections for p-p and p-p scattering.

Figure A.4 shows the experimental data of the total cross sections for pp
and pp scattering [14]. It is evident that the total cross section is not simply
falling but is slowly rising as s increases. The behavior of rising total cross
section is also observed in various kind of hadron-hadron collisions. These
data can be beautifully explained [14] if we accept an existence of a new Regge
trajectory having the intercept of o(0)=14¢(> 0) and it carry the quantum
number of the vacuum. This new trajectory is called pomeron trajectory or
pomeron. The pomeron trajectory is originally defined with the intercept of
ap(0)=1 to satisfy the Pomeranchuk theorem® and the Froissart bound? , but
the later experiments with much higher energy revealed that the situation is

more complicated. The fit of the data for the total cross section and elastic

!A theorem which state that the total cross section against the same target become
the same for particle or anti-particle in the high energy limit.

2Tt is proved that the total cross section for the two hadron scattering cannot increase
faster than (Ins)? in the limit of s — 0o in order to satisfy the unitarity of the S-matrix.
This upper bound is called Froissart bound.
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cross section tells us that the pomeron trajectory can be parameterized as;
ap(t)=1+e+a't

where ¢=0.0808 and a/~0.25GeV ? [14]. So far now no particle has been
observed on the pomeron trajectory. However, as one can see in Fig. A.4,
the contribution from the pomeron trajectory become dominant in the high

energy scattering.
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Appendix B

CPR charge correction

The amount of charge deposition in the CPR depends on the momentum of
the incident electron. The path length of the incident particle also affects the
amount of charge deposition. These dependence must be corrected when one
try to compare the CPR charge distributions among various samples. In the
thesis, we use the corrected CPR charge which do not depend on neither the
momentum nor the path-length. In this section, we describe how to obtain
the corrected CPR charge using the track information.

As a raw CPR charge, we use a sum of outputs from three CPR-wires
around an electron hit position '. The hit position is obtained by extrapo-
lating the CTC track to the detector radius at the CPR layer.

The momentum and path-length dependence are studied using control
samples. Conversion electrons and electrons from W decays are used for the
lower and higher momentum regions, respectively.

At first we parameterize the dependence of the CPR charge on the path
length by fixing the momentum range. Since the path length is related to the
angle of the track, we plot the average of CPR charge as a function of sinf in
the fixed momentum ranges in Figs. B.1 and B.2. Each of these plot shows
that the mean CPR charge increases as the incident angle decrease. The

CPR charge increasing rate changes at sin #=0.81. These two angle regions

LCDF off-line routine:get_soft_electron is used
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with sin @ above and below 0.81 correspond to the two different segments. We
parameterize this angle dependence by fitting the CPR charge distribution

to the two straight lines meeting at sinf = 0.81.

o o JA(P)(sin@ —1)+ S(p') (sinf > 0.81)
<(Wﬁwm)_{AMﬂ@m9—D+qmﬂ (sin® < 0.81) (B.1)
where,
c2(p') = (0.81 = 1)(As(p') — A2(p")) + S(p') (B2)

The free parameters in the above fit are S(p'), A;(p') and Ay(p'). We call
S(p') a scale parameter since it represents the magnitude of the CPR charge
at sin#=1. We call A;(p') and A,(p') angle parameters.

Next, we study the momentum dependence of the scale parameter S(p').
We plot S(p’) as a function of momentum in Fig. B.3. This plot is fitted to

the power of the momentum;
S(p) = 2.8519 x p**™* 4 0.53509.

The first parameterizations (B.1) are divided by this and then multiplied by
10.0 to have a constant CPR charge(=10.0) at sin #=1. New parameters are
denoted with the prime(’).

We then study the momentum dependence of the angle-parameters A}
and A},. We plot A| and A} as a function of momentum in Fig. B.4. We fit

these distribution to a straight line.

10

A (p) EAl(p)% — —27.486 — 0.254p
10
As(p)’ EAg(p>% — —61.652 — 1.731p

Finally, the correction function which removes all momentum and angle

dependence is given by;

Qr, = 10.0 x Q. x F(p, 6)
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Ay (p)(sind — 1) + S(p) (sinf < 0.81)
Ay(p)(sin® — 1) + (0.81 — 1)(Ay(p) — As(p)) + S(p)  (sinf > 0.81)

S(p) = 2.8519 x p®*™ 40.5359

Ai(p) = %?(—27.486 — 0.254p)

As(p) = %1)’)(—61.652 — 1.731p).
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Figure B.1: The mean CPR charge versus incident angle of the electron in
the fixed momentum ranges.

111



X/ndi 1024 / B
Pl -30.90

40

X/ndi18.76 7 11
Pl

40

X/ndi1632 / 12
Py ~27.66

T 40 £ XA sm E E R e e E 3 e
o C 148.7 4 o> E P3 78474 10.81 o E
’_qc_) 30 ; ‘g 30 = ‘g 30 =
3 10 & S 10 & 3 10 &
D-O:\\\\\\\\\\D- O*\\\\\\\\\\D- O*\\\\\\\\\\
0.6 0.8 1 0.6 0.8 1 0.6 0.8 1
0 5sim9 7 55im9 - 5sim9
p=is. p=z/. p=oz.
E r 51/“”8'71 —/54.;31 1970 z = ez —/32.51 2.251 E L )P{(nd'm'“ —/34.31 3109
o F i ar el o 40 —& wnr el o 40 3 Tmar mms
o 40 — [} L [} L
< r + < r < r
9 20 — g 20 L ® 20 L \
C R 3 F 3
0—0’\\\\\\\\\\0- Oiw\\\\\\\\\o- Oiw\\\\\\\\\
0.6 0.8 1 0.6 0.8 1 0.6 0.8 1
sin® sin®} sin®
p=37.5 0=42.5 p=47.5
E E g/"d'zz's1 ,/34 ;g + 3910 E : :’(“Mg.osz ,/35 ;g + 4.676 E 6 O I~ g("d'20.47 ,/30 ;g + 7.954
© 40 i wiomr o 60 xR o R T
2 30 - 2 40 £, 2 40 e
o 20 E o r © o0 L
v E 2 20 = 2 F 4
s 10 E > C S =
o 0 Evlioa il o 0 & [ B [eX 0 L [ B
0.6 0.8 1 0.6 0.8 1 0.6 0.8
sin® sint sint
0=52.5 0=57.5 0=62.5
-+ 60 C ¥/ndti269 / 12
‘g-. Ll Toai e
2 40
8 20 |-
I S I
0.6 0.8 1
sin®
p=67.5

Figure B.2: The mean CPR charge versus incident angle of the electron in
the fixed momentum ranges.
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Figure B.3: The mean CPR charge versus electron momentum at sinf = 1.

The star represents for the W electron, the open circle represents for the
conversion electron and the solid circle represents for the partner track of the

conversion electron.
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Appendix C

Simulation of the forward
calorimeter

We have used an established technique to simulate the detector response
against the low pr particles according to the reference [38]. The simulated

energy flow in a FCAL tower is corrected by the following expression,

Elmes — Sz % pgen + Cz

gen

where p9°" is a momentum of the particle in the generator-level, S; and C;
are energy correction factors tuned in the ith 1 segment of the tower.

We determine the energy correction factors in order to reproduce the
energies measured in the real bb sample. The selected sample of electron+ D°
events [39] are used as the real bb data. The D mass peak of the data sets is
shown in Fig. C.1. We obtained 1899 D° candidates during the same run as
we used for the diffractive bb analysis. We then look at the exponential slopes
of the energy spectra in each 7 segment of the forward calorimeter. Slopes of
energy spectra in the D° mass region and the side-bands regions are shown in
Fig. C.2. Since no differences are seen in the forward energy spectra between
the two regions, we do not need subtract the combinatorial background from
the 1899 D° candidates. These forward energy spectra, however, the contain

contributions of energies from extra minimum bias events aside from a bb

event vertex. The contribution of those pile-up events can be calculated
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using the luminosity of the sample as we described in Sec. 6.1.1. We subtract
the contribution of minimum bias spectra using a real data sample which is
taken by the clock trigger during RUN1A period. The forward energy spectra
purely coming from the bb vertex are shown in Fig. C.3.

We then look at the Monte Carlo bb sample described in the Sec. 5.1.
The trajectories of all generated particles are simulated by the full detector
simulation program (CDFSIM) and the energy flow traversing the front plane
of the forward calorimeter are recorded. The real tower segmentation are used
for the forward calorimeter and the energy flow in each tower are clustered
as described in Sec. 3.2. The energy spectrum in each eta segment is shown
in Fig. C.4. These Monte Carlo energy spectrum is much harder than the
observed one. In order to match this Monte Carlo energy spectra to the
observed data, we use a linear correction function as shown in the top of this

section.
E;nes — Sz % pgen + C’L

The coefficients S; and C; are determined by comparing two spectra, the
Monte Carlo and the data. Obtained energy scale factors and offset energies
are shown in Fig. C.5. The error in each factors are result of the exponential
fits to the energy spectra.

Matching of the forward detector simulation to the data are demonstrated
in Fig. C.6 where we apply the single vertex requirement to the data so as
to avoid multi-vertex effects. Since we use the energy offset around 1 GeV,
our model is valid only for the energies above 1.5 GeV.

The BBC response is also simulated using the real segmentation. Only
charged particles are accounted in the simulation. We do not use any energy

thresholds for charged particles.
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The black circle shows spectra after subtracting Minimum bias contribution.

118



T T8 7 15
i Z
£

e A 7 i o7 7 1%
F 2 Bl A

07967601 P2 omste-ol

—

1] o221

Events/1.0(GeV)
Events/1.0(GeV)
Events/1.0(GeV)
Events/1.0(GeV)

cov b b B g AP AN I B
10
10 15 20 5 10 20 0 5 10 15 20 10 20
E (GeV, E (Gev, E (GeV, E (GeV,
. tower—1 (Gev) tower—2 @) tower—7 (GeY) tower—8 @)
<~ 10 ,, <~ = T < ™
3 SR A 3 D AT
g ot § - g B :
g g . g — g —
S N ee— ] S \<
2 2 2 2
.
5 H 5 5 =
3 3 3 3
ot e R N B B P N N B 10 P I B
0 5 10 15 20 10 15 20 5 10 15 20 0 10 15 20
£ (CeV) E (GeV) £ (CeV) E (Gev)
tower—3 tower—4 tower—9 tower—10

= ] o T = T o e
3 F T AT 3 Gl e
5 = - =1 - g —
N < \ N <
2 2 2 2
2 2 2 <
5 5 5 5
g g g 3
o 2 o o
pot i e A T N B R I B 1 T I A
s} 5 10 15 20 a 10 15 20 5 10 20 a 5 10 15 20
£ (GeV) £ (GeV) £ (GeV) £ (GeV)
tower—5 tower—6 tower—11 tower—12

= = = T = T
3 7 3 3
= S = =2 =
g ] g S
S S S S
P) P) P) P
< < < < <
2 ¢ 2 2 <
o i o o ]
L £ ++ -
Py SPA AR SRR B PR A A S PRI PR R by, ~PLIT] Y, ud PN SRRV VAP AR
o} 5 10 15 20 0 20 10 15 20 0 5 a
£ (GeV) E (GeV) £ (GeV) E (GeV)
tower—13 tower—14 tower—67 tower—68
= = = {‘/nnvgul >
3 3 3 ) £
B B ERU S
2 ¢ ¢ + |2
o o o o
ot h b b e BTy PP B I ISR VIS B S potlc i
0 5 10 15 20 0 5 10 15 20 5 10 15 20 0 5 20
E (GeV) E (GeV) E (GeV) E (GeV)
tower—15 tower—16 tower—69 tower—70

= - ~ 10 = ; - -
= P ) o T < Z L o T
s B 5 S| & 4 3 5 AN
S0 = S0 — =] S
S S S S
g f g E) 2
5 § 5 ]
2 + |3 <« 2 42
Pt RN BN IR el T I I N R N I
0 5 10 15 20 5 10 15 20 10 15 20 20
E (Gev) E(GeV) E (GeV) E (GeV)
tower—17 tower—18 tower—71 tower—72

< e < S s T s S
% R A % T T
g e =3 g 51
< N < \ <
2 3 2 - |2
2 g 2 2
d ¢ d ¢
§ § § 5
g H g 2
—af —4 F -
ot gt P I R VRO Y I S I IR
o] 5 10 15 20 a 10 15 20 5 10 15 (] a 5 10 15 20
£ (GeV) E (GeV) £ (GeV) E (GeV)
. tower—73 | tower—74 tower—79 tower—80
10 7w e T 10 S 7T 7 4578 7T P/ T Ty
g g R e

‘\

Events/1.0(GeV)
Events/1.0{GeV)
Events/1.0(GeV)

/
Events/1.0(GeV)

10 15 0 0 10 15 20 15 20 0 5 10 15 20
£ (Gev) E (Gev) £ (GeV) £ (GeV)
| tower—75 tower—76 tower—81 tower—82
5 10 g = g 2 T o g
E 3 E 3 -
< N < < T |
z 3z z §a)
2 g 2 2
< g < :
5 § 5 5
3 3 3 2

20 10 15 20 20 10 15 20
E (Gev) E (Gev) E (GeV) E (GeV)
tower—77 tower—78 tower—83 tower—84

Figure C.4: The energy spectrum in each eta segments for Monte Carlo
sample without any energy correction.
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Appendix D

Likelihood function

D.1 Likelihood function for binned fit

L —e_u/v‘NObs 1 [ 1 <nhad - Nhad> ?
= exp | —= | /2%

X
Nobs! vV 27T0'had 2 Ohad

1 1 Neon — Ncon ? - e H ,uiN’?bs
X ——ex —_— | —— X e —
\% 27T0-con P [ 2 < Ocon > ] H NiObs!

i=1
H =Nhad + Neon + Npp + Nez

i :nhadfihad + nconficon + anfibb + nCéfiCE

parameters for fit

Nhaa = number of hadron faking electrons
Neon = number of conversions
ny; = number of bb events

nez = number of c¢ events
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Constants

N° = total number of observed events

N = number of observed events in the ith bin

Npoa = number of hadron faking electrons estimated by CPR fit

Ohad = €r7or of Npaa

Neon = number of conversions estimated by conversion finding ef ficiency

Ocon = €171 Of Neon

Probability functions

fhed = probability of a hadron having the observable inside ith bin
" = probability of a conversion having the observable inside ith bin
fibB = probability of ¢ — electron having the observable inside ith bin

1€ = probability of b — electron having the observable inside ith bin

)

D.2 Likelihood function for unbinned fit
_e_uMNobs 1

I _ » 1 <nhad_Nhad>2
Nobs| V 27TUhad 2 Ohad

> 1 1 <ncon_]\fcon>2
vV 27TO'Con b 2 Ocon

" ﬁ ad f"(25) 4 oo O (25) + 1 f2 () + e f ()

Nhad + Neon + Npp + Nee

exp

i=1

H =Nhad + Neon + Npp + Nez

parameters for fit

Nhag = number of hadron faking electron
Neon = number of conversions
ny; = number of bb events

nez = number of ¢t events
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Constants

N°* = total number of observed events
Npea = number of hadron faking electrons estimated by CPR fit
Ohad = €r7or of Npaa

Neon = number of conversions estimated by conversion finding ef ficiency

Ocon = €T70T Of Neon

Probability functions

x) = probability of a hadron having the observable as x

(

“n(x) = probability of a conversion having the observable as x
(x) = probability of ¢ — electron having the observable as x
(

x) = probability of b — electron having the observable as x
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