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Abstract 

The production cross section and the QCD higher order contribution, 

K factor of Drell-Yan process have been measured in dielectron mode 

in proton-antiproton collisions at the center of mass energies of 1800 

GeV. The experiment has been performed at Fenni National Accelera­

tor Laboratory in the United States using Tevatron accelerator during 

the period of 1988 though 1989. A number of physics quantities are 

measured using the CDF ( Collider Detector at Fermilab) detector in 

the pseudorapidity range -2.4 < T/ < 2.4. Total integrated luminosity 

used for this analysis is 4.76 pb- 1• The cross section has been measured 

down to ./r = 0.0066 which is much lower than measured before. Both 

the cross section and the K factor are compared with theoretical pre­

dictions calculated with a number of different parton distribution func­

tions. Since the production cross section depends both on the K factor 

and parton distribution functions, the discussion will be done from two 

points of view. The discussion starts from K factor measurement. The 

K factor has been measured in zo mass region at first, then assuming 

that the K factor is constant over the invariant mass region 12 GeV/c2 

< M < 105 GeV/c2 
, the behavior of parton distribution function in 

a low mass region (12 GeV/c2 < M < 30 GeV/c2 
) is discussed. Ac­

cording to the theoretical prediction of K factor, this assumption is good 

approximation in the measured mass region independently of par ton dis­

tribution functions. The zo production cross section times brru1ching 

· ratio of (Z0 -+ e+e-) was 205.5 ± 13.82 (sta) ± 16.0 (sys)± 15.4 (!um) 

(pb). The K factor, assuming HMRSB parton distribution function, is 

measured to be 1.53 ± 0.4. The parton distributions function HMRSE 

and HMRSB reproduces the shape of the differential cross section nt 

ii 

Y::;:O well. 

The production properties of the Drell-Yan process are also studied. The 

rapidity distribution and Pt spectrum of the parent virtual photon or 

zo are presented, as well as the decay electron angular distribution, the 

Pt spectrum in the center-of-mass system. All these quantities are con­

sistent with Monte Carlo simulation data using EHLQ 1 parton distri­

bution function within the error. Finally a comparison is made between 

dielectrons from the Drell- Yan process and heavy fiavor productions. 
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Chapter 1 

Introduction 

1.1 Introduction 

· This article describes an analysis of electron pairs in the proton-antiproton collisions 

at a center of mass energy of 1800 GeV. This is the highest energy pp collider exper­

iment over the world. The experiment has been done at Fenni National Accelerator 

Laboratory in U.S.A. using the CDF (Collider Detector at Fe1milab) detector. 

The CDF is the general purpose detector built to study proton-antiproton col­

lisions at ,JS= 1.8TeV. The experiment carried out from 1988 September to 1989 

April. The analysis based on total 4.76 pb -I data taken at that period. The 

measured physics quantities are basically 

• Differential production cross section of Drell-Yan process 

• Transverse momentum distribution of decay electrons and parents virtual pho-

tons 

And the main subjects of this article a.re 

• The study of parton distribution function 

• The test of QCD using massive lepton pairs 
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In general, the predictions and tests of the basic parton model show good agreement 

with experiment data. The anomalous features are the overall cross section level 

(high by a factor of 1.4-2.0 : K factor) and unexpectedly large mean transverse 

momenta. 

QCD offers the explanation of these anomalies and the measurements of dilepton 

production provide important quantitative test of QCD. 

The organization of the paper is as follows. Chapter I is this introduction 

and reviews of experimental and theoretical progresses of lepton pa.ir production 

analysis. Chapter 2 describes the CDF detector, trigger and data aquisition system, 

Chapter 3 describes the event selection, data reduction and the trigger requirements 

are described. Then it presents the efficiency and backgrounds for finding electrons. 

The results are presented and discussed in Chapter 4. There is a discussion of Drell­

Yan and ZO production results. The background to the Drell-Yan process from B 

meson decay is described also. Finally, some events of special interest,· either for 

very high mass or Pt, are presented. Chapter 5 presents the conclusions. 

1.2 Drell-Yan Model 

This section reviews experimental and theoretical progress in studies of the produc­

tion of the massive lepton pair production in hadronic collisions. Massive lepton 

pair production is one of the best methods for investigating the behavior of the 

parton distribution function at small x and quantum chromodynamics concept and 

computations. 
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1.2;1 The parton model and structure of hadron 

The parton model 

Present evidence indicates that matter is built from two types of fundamental 

fermions called quarks and leptons which are structureless and point-like on a scale 

of 10-r m known· as partons (37](15]. The quarks are point-like, spin 1/2 fermions. 

They behave like leptons, but they differ from leptons in that they interact strongly 

via gluon exchange, while leptons fell only the electroweak force. The evidence of 

the internal structure of hadrons has been shown by deep inelastic lepton scattering· 

of nucleons (16] and hadron spectrum (21]. 

The structure function 

The structure functions are the covariant scalar quantities used to describe the deep 

inelastic lepton scattering from nucleons [171118]. They have been determined for 

the reactions, 

z- + nucleon -+ z- + hadron 

v + nucleon -+ 1- + hadron 

Under the assumption that a single vector boson exchange dominates, the dynamics 

of the reaction is described by the three structure function F 1 , F2, F3 which are in 

tum functio.ns of just two covariant kinematic quantities. 

x=-q2 /2p. q, -q2 

where q is the four momentum transfer between the lepton and target nucleon imd p 

is the incident nucleon four momentum. In the parton model, xis interpreted as the 

fraction of longitudinal momentum of the parent hadron (Bjorken x) [19]. Taking 

10 CHAPTER l. INTRODUCTION 

into account the isospin invariance, the deep inelastic lepton scattering measurement 

provide the following equations, for charged leptons 

and for.neutrinos, 

F2(x) =I>· n;(x) 

where n(x)dx is the number of quarks carrying longitudinal momentum fraction x. 

If we write down above equation in the explicit form, 

4 - 1 i I F;n(x) = gx(d(x) + d(x)J + gxfu(x) + u(x)J + gx[s(x) + s(x) 

F3P(x) = 2x[u(x) - d(x)] 

F;"(x) = 2x[d(x) + u(x)J 

In principle, it is possible to extract the individual quark distributions from these 

measurement. 

The difference between charged leptons and neutrino scattering arises from the 

difference between the weak and electromagnetic forces, so that the electromag­

netic coupling requires the appearance of the quark charge. In addition, the model 

requires exact relationship to hold between the structure functions, 

FJ = 2xFt 

F; = ±xF; = 2xF~ 

where the sign is positive for neutrino-quark and antineutrino-antiquark scattedng 

and negative for other choices. 
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Hence the proton is composed of uud valence quarks and neutron is composed of 

udd valence quarks respectively [21][22], these u(x), d(x) must satisfy the relation, 

JJ[up(:z:)-up(x))dx = 2 

JJ[dp(x)- dp(x)]dx = 1 

JJ[sp(x) - sp(x)]dx = 0 

u(x) = up(x) = dn(x), u(x) = u,(x) + u,(x) 

d(x) = dp(x) = un(x), d(x) = d,(x) + d,(x) 

where up(x)dx, un(x)dx mean the number of u quarks carrying longitudinal momen- · 

tum fraction x in proton and neutron respectively and u,(x), u,(x) mean valence 

and sea quark contributions [20]. 

Theoretical arguments have been presented about the behavior of the quark distri­

bution function in the two extrema region, x -+ 1 and x -+ 0. The behavior of the 

F2 for x-+ 1 limit was shown by Drell and Yan [1) and by West [23]. The results 

can be obtained by using counting rule arguments [25][38]. For a system which is 

composed of n point-like constituents, the form factor at large q2 is expected to be 

_ q-(2n-1) and 

(For proton, n is 3 ) [25][24]. Experimental data on the ratio of the F1 structure 

function of the neutron to that of proton indicate that the d and u quark distribution 

differences. When x -+ 1, data are consistent with dp(x)/up(x) -+ 0 which led to 

[39] 

as x -+1. For the sea quark distribution, the configuration which contains at !eC1St 

one sea quark has to be considered. The proton is the n=5 system (qqqq ij), so that 

x -+1 limit, sp(x) - (1 - x)7. 

In the limit as x -+O, the nucleon plus virtual photon sub-energy becomes large 

and Regge forms [38][37] can be obtained for the structure function, Fi - a. +b 

12 CHAPTER l. INTRODUCTION 

,fi => A+B ·xCl-a(o)). The first term comes from Pomeron and second term repre­

sent isospin exchange. a(O) is the intercept at of leading Regge trajectory. Pomeron 

exchange describes the quark and antiquark distribution in the sea, q, - 1/x as x 

-+O. The second term comes from the contribution of the valence quarks. For .the 

valence quarks, the leading trajectories have a(O) - ! so that q, - 1/ ,fi. To­

tally we can write down the number of valence and sea quarks carrying longitudinal 

momentum fraction x as follows, 

q,(x) = A,(1- x)3/,fi 

q,(x) = A,(1- x)7/x 
(1.1) 

Next, we have to think about Q2 dependence of these quantities. The scaling 

violation [26] have been observed in deep inelastic scattering phenomena. As a 

consequence, the quark distributions obtained by using the quark-parton model 

depend on the value of the four-momentum transfer squared Q2 of the lepton. As Q2 

increases, the quark distributions change in shape. The large x region is depressed, 

while the low x region becomes enhanced [28][27]. This effect is well explained 

by the QCD theory. As Q2 increases, the probability for a quark to radiate a 

gluon also increases so that the quark is left with smaller momentum. An analytic 

parametrization of the quark distribution functions, including Q2 dependence are 

discussed in Ref [49]. 

x · q(x, z) = A(z)x*l(l - x)l1<•l 

The Q2 
dependence is absorbed in the parameter z defined as z = In ::f§i7~;j. The 

parameter A which characterizes the strength of scaling violation. Once the quark 

distributions are delivered from the data at some low value of Q~, the expression 

written above allows to follow the evolution of such distribution for all Q2 > Q~. 
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1.2.2 Differential cross section 

In May 1970, Sidney D. Drell and Tung-Mow Yan proposed the electromagnetic 

process to account for the continuum of lepton pairs from hadron-hadron collisions. 

In the pa.rton model proposed by them, the massive virtual photon in the reaction, 

(H11dronA) + (HadronB)-+ -y" + X-+ 1+1- +anything 

is produced by point-like annihilation of a quark from one initial hadron with an 

antiquark from other. The measurements have been made in many experiment in 

pp, pp, K ±p, '11"±p. In these case, both initial pa.rtons are "on" or "neaJ:" the ma.ss 

shell. Integrating over whole transverse momentum region of the massive lepton pair 

and over whole decay angles in the lepton pair rest frame, the theoretical prediction 

in the classical model gives the differential cross section as the following formula 

du 2 4'11"a2 

-d d = (-9 2 ) E Qnq,,(xl)q,;(x2) + q,;(xl)q,;(x2)l 
X1 X2 m i 

(1.2) 

where a is the usual electroweak coupling a ~1/137. 

q,,(xl) is the quark parton distribution function of the proton. And Q; is the 

fractional charge of quark. The "i" is summed over all flavor. For example the quark 

distribution factor a.t proton-proton scattering a.t y = 0, where xl = x2 = JT can 

be expressed (ignoring c,b,t quarks) as 

~u( ,/T)u( A+ ~d( .fi)J( .Jr)+ ~.s( v!T)s( ,Ji) 
9 9 9 

and for proton-antiproton collisions it can be written 

~[u( JT)u( ,/r)+u,( ,/r)ii( JTJl+~[d( J;)d( JT)+d( ,/r)J( JT)l+~[.s( ,/T)s( vr)H( ,/T).s( fi)I 

(1.3) 

where u(x) means u(x) = u,.(x) = u,,(x). This assumes the strong factorization. 

Re-expressing this in tenns of the measurable dilepton parameters 'the invariant 

mass of lepton pairs M' and 'the rapidity of virtual gamma. Y', 

du 2 8'11"a2 

-d d =(-
9 2 JEQUq,,(xl)q,,(x2)+q.,(xl)q,;(:i:2)] 

my ms ; 
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The kinematics of the process yields the following relations. The energy of the 

virtual photon can be written 

E., = (xl + x2),,/3/2 

And a longitudinal momentum along the beam direction is 

P1 = (xl - x2),,/3/2 

Xf = xl - x2 = 2P1/Vs 

M~ = sxlx2 = E~ - P? 

T = M 2/s = xlx2 

These quark distribution factor as the function of T depends on critically the anti­

qua.rk distribution in proton-proton collisions and the cross falls off a.t the large T, 

on the other hand, in proton-antiproton collisions the cross section is less suppressed 

than pp case especially the valence components dominate region such a.s JT > 0.1. 

A direct consequence of equation ( 1.2) is the prediction of sea.ling 

M 4 du . 
dM2dx1 = f(T,XJ) 

The parton model with sea.ling distribution predicts that both m 3 :::. , m3 
0".;:;Y at 

y=O depends on JT a.lone for given incident hadrons. Since in our experiment, the 

measured JT region is JT::::: 0.0066 - 0.016 where sea. quark dominated region, we 

can treat u( ,Ji) ::::: ii( JT) so that it is reasonable to compare pp and p p data in 

same level for the discussion of sea.ling of the cross section. The comparison will be 

ma.de at Chapter 4. 

1.2.3 The QCD corrections of Drell-Yan model 

Anomalous K factor can be explained by QCD perturba.tive approach, assuming, 

so ca.II 'strong factorization', ie that the Drell-Yan cross section can be predicted 
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. to arbitrary order in perturbative theory, once the relevant structure functions are 

known from deep inelastic scattering. In this section, the QCD correction for the 

calc.ulation of several physics quantities related Drell-Yan processes a.re described. 

The QCD corrections of Drell-Yan model 

The QCD has a peculiar property following from its renormalization group proper­

ties that the effective coupling constant becomes small at the mome~tum scale Q 2 

as (Q2) -+ oo, a.(Q2)-+ O. This property is called as an asymptotic freedom. The 

quark-gluon coupling constant can be expressed as 

where N I is the number of fiavor and A is a scale constant. For five quark flavors 

(N 1=5), it becomes 

2 12'11' 
a,(Q)"' (23)/n(Q2/fi.2) 

With our Q2 range, the value of a, is small so that a perturbation expansion is not 

unreasonable. 

A single quark with energy E can be replaced by a quark plus collinear gluon with 

total energy E and there are infinite number of such replacements. The cross section 

diverges when all equivalent collinear final s.tates are summed over. The problem 

is circumvented in practical calculations by the procedure proposed by Politzer [28] 

and Sachrajda [29] who found the solution in the leading log Q2 approximation, 

these divergencies can be factored out and absorbed into the incoming particle wave 

function, this procedure, called the factorization theorem, has been later generated 

to all lqgs in perturbation theory, called LLA (Leading Log Approximation) by 

Sachrajda [29]. As the result, the structure function of the parent particles become 

q2 dependent. But at the same time, it indicate that it is expected that the same 

pattern of scaling violation as those measurement in deep inelastic lepton scatte1ing 
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should be seen in Drell-Yan cross section measurement [48]. The gluon emission will 

generate scaling violation as in deep inelastic scattering. The analysis of scaling 

violations in 9.eep inelastic scattering indicates that the pS:Z.ameter A which refiects 

the fundamental momentum scale of the strong interaction. The scaling violation 

also should be seen in Drell-Ya.n lepton pair production. They are more distinctive 

when sufficiently accurate dilepton data distributed over a wide range of M and .,;; 

. Although it was impossible to get a wide range of ft in the previous pp data, 

now CDF can get that Vs =1800 GeV collisions which are much bigger than that 

of ISR ft= 27 "' 63. This will be discussed Chapter 4. 

K factor (Experimental review) 

Early experiments obtained the Drell-Yan process showed that measured cross sec­

. tion was a factor of two larger than the expected cross section. This discrepancy 

result in the inclusive of the anomalous K factor in the differential cross section. 

The scale factor K..,, defines as 

are measured at many experiments. The results are summarized in Table 1.1. Since 

Kezp is a function of ft, ../T, XF, different ...;s, ../T, XF are spanned by the different 

experiments. 1 

K factor (Theoretical review) 

When certain perturbative QCD corrections are included in Drell-Yan cross section 

calculation, the results are modified in two ways. 

• The emission of collinear gluons [29] from the incoming quark lines give rise 

to large mass singularity logarithm. This problem was solved as discussed in 
1
The different sets of parton distributions are employed by the different experiment listed in the 

Table 1.1 
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the previous section. 

• The emission of hard and soft gluon give rise to finite perturbative corrections 

which are different for the two processes, ie Drell-Yan lepton pair production 

and deep inelastic scattering (202]. 

K factor can be explained by the second item, so that mainly the second item is 

discussed in this section. 

The radiative correction is of comparable size to the contribution of the lowest 

order diagrams mainly due to the 011'1 term originating from the continuation froni 

the space-like (deep inelastic scattering) to time-like (Drell-Yan lepton pair produc­

tion) Q1
• Some progress has been made in understanding a certain class of constant 

corrections. One of the example is that one gluon correction to the Born diagram 

shown in Fig 1.1. The contributions of these diagrams are, to leading power in 1 / f 

which are used in dimensional regularization with N =4+2e. 

CF· 
0

' • 11'1 
· ~ · 6(1 - T) · (-Q1)' 211' fl 

where Q1 > 0 in both case. The contribution to the K-factor is therefore 

in the limit off ~ 0. 

2R,(DY - DIS)= CF·~· 11'1 
· 6(1 -T) 

211' 

The lowest order diagram of Drell-Yan process is the annihilation of a quark­

antiquark pair to a virtual photon with q1 = m 1 . To first order a,, there are several 

additional terms in which either q or q has been radiated from a quark or pa.rent 

gluon [40][41][42] [43][44][45] [46][47]. These contributions make Drell- Yan cross 

section large. The corresponding diagrams are shown in Fig 1.2. In the diagram of 

Fig l.2B, a gluon is exchanged between the quark and antiquark. In the diagram 

of Fig l.2C-D, a gluon is emitted in addition to the virtual photon, they are culled 
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as 'annihilation diagram'. The diagram of Fig l.2E-F shows one of the quark in 

the two colliding hadrons interacts with a gluon of the other hadron, and emit a 

virtual photon. These are called as 'Compton diagrams'. These vertex corrections 

and soft gluon emission analogous introduce the large multiplication factor I< 

a, 4 411'1 

K = 1 + 211' . 3(1 + 3) 

and 

The detail QCD calculation result of these processes will be presented at Chapter 

4. 

Transverse momentum distribution of lepton pairs 

In the lowest order Drell-Yan mechanism, the transverse momentum of the virtual 

photon is related to the transverse momentum of the annihilating quarks. In the 

parton model, such a momentum is related through the uncertainty principle to 

the size of the parent hadron and is expected to be of the order of 300 MeV /C 

independent of ..jS. However the mean Pt value < Pt > exhibits linear size well 

described by the form at fixed Jr value [31][40]. 

<Pt >=a+ b.fS 

Typical size of a, b a.re a=0.44 and b=0.026 at Jr = 0.22. The constant term 

comes from intrinsic transverse momentum of quark-antiquark pair. The second 

term is related with QCD higher order processes; ie. Compton and Annihilation 

diagrams. To calculate these mean Pt distribution within the QCD frame, the 

simple perturbative expansion can be applied only when both Pt and the dilepton 

mass M are large compared with QCD energy scale A [31]. The cross section fo1· 

Annihilation and Compton diagrams at low Pt behave like 

du 1 
dPt 1 - Pt 2 
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(33] And it gives 

< Pt2 >= a,( M 2
) • f ( r, lnM2

) 

where f depends on the parton densities. At these calculations, the problem is that 

the cross section diverge as Pt tends to 0. This is compounded by not knowing 

the initial transverse momentum distribution of quarks in hadrons. Adding to this 

effect, the equation becomes 

< Pt2 >= a,(M2
) • f(r, lnM2 )+ < Kt2 > 

where < Kl > means RMS of the intrinsic transverse momentum. 

Angular distribution in the lepton pair rest frame 

In the low mass region, we have to treat only virtual photon contribution. The 

Drell-Yan model leads to the prediction of a simple decay angular distribution of 

the leptons in the center of mass frame of the lepton pair. At the collinear collision, 

the quark-antiquark annihilation produces a photon with its spin aligned along the 

beam axis. The amplitude for the decay of the photon into a lepton pair is 

where the arrows indicate the spin alignments of lepton and Y are the spherical 

harmonic functions. After integrated over azimuth angle, the angular distribution 

becomes, 

~=I+cos29 
d( cos9) 

Several groups have measured the decay angular distribution for dileptons and fitted 

by 

(34](2][35] 

dN • 
--.- = 1 +a · cos29 
d( cos9) 
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Around Z
0 

mass region, the contribution from weak neutral interaction gives rise 

to a parity violating term proportional to cos 9, so that the angular distribution of 

decay lepton in the rest frame becomes slightly asymmetric. 

du 2 • • 
d(cos 9) =A· (1 +cos 9) + B. cos9 

The cross section can be written exactly, 

du 

d(cos9) = 
_ 3aQ;G 1MW-M~) 

sJ'2[(•-Ml )'+M}r~J 

x[(R. + L.)(R9 + £ 9)(1+cos 29)+2(R. - L.)(R
9 

- L
9
)cos9) 

JG'M'; 
+ e.c .. ((i-M}J'~Mlr~J 

x[(R~ + L~)(R~ + L!)(l + cos 29) + 2(R~ - L~)(R: - L~)cos9] 

where R1t 11 means the left- and right- handed fermion coupling 

where TJ is the third component of weak isospin [36]. The first term comes from 

pure electromagnetic process and the third term comes from pure weak interaction 

and the second term comes from the interference of those two processes. 
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Apparatus 

2.1 Tevatron beam 

The Tevatron accelerator produced the world highest energy proton·antiproton col· 

lisions at a center of mass energy of 1.8 TeV. Protons and antiprotons are corrected 

into 6 ·bunches, so that a beam crossing occurred every 3.5 µsec. The schematic 

drawing is shown in Fig 2.1. Protons are accelerated up to 200 MeV by a linear 

accelerator at the first stage and injected into a booster. Then they are accelerated 

up to 8 GeV and injected into the main ring whose diameter is around 2 I<m. After 

accelerated up to 150 GeV, protons are injected into the Tevatron ring which are 

implemented in the same tunnel of the main ring and the final acceleration is done 

up to 900 GeV. 

On the other hand, antiprotons are produced from bunches of 2000 billion pro· 

tons accelerated up to 120 GeV at the main ring and a tungsten target. The 

produced antiprotons are corrected through a lithium lense and sent to the antipro­

tons debuncher-accumulator complex. Since the antiprotons ru·e produced with n 

broad momentum spread, the momentum spread and the size of the antiproton 

beam are reduced by a process known as stochastic cooling at the accumulator iing 

and transfer into the main ring. As same as protons, antiprotons a.re accelerated up 
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to 150 QeV at the main ring and transferred into the Tevatron ring to get further 

acceleration up to 900 GeV. The peak luminosity has been improved from 3 x 1029 

Cm - 1 s - 1 to over 2 x 1030 Cm - 1 s - 1 

2.2 The CD F detector 

2.2.1 Overview 

Collider Detector at Fermilab (CDF) is a 5000 t detector built for proton· antipro-

ton collider experiment at a center of mass energy of 1.8 TeV. Fig 2.2 shows a 

perspective view of the CDF detector [52]. The detector is composed of the charged 

particle tracking systems, the electromagnetic and the hadron calorimeters, the cen· 

tral solenoid magnet which provide 1.4116 Tesla magnetic field parallel to the beam 

direction, and the muon detectors. The detector is separated into three parts in the 

polar angle space, the central detector , (30° < (} < 150°), the end plug detector 

(10° < () < 30°, 150° < 8 < 170°), and identical the forward-backward detectors 

(2° < (} < 10°, 170° < 9 < 178°). A cut through on half of the detector is shown in 

Fig 2.3 

2.2.2 Beam-Beam counter 

The lowest level trigger uses the Beam-Beam counter located between the central 

detector and the forward detectors, at Z == ± 581.6 cm from the nominal collision 

point (85)(86]. It is used not only for a minimum bias trigger in level 0, but also 

used as primary luminosity monitor [87]. The counter is made from single layer, 2.5 

cm thick SCSN23 scintillator and arranged in rectangle surrc;mnding the beam pile. 

(Fig 2.4) It covers 0.317 < 8 < 4.47 ( 3.24 < T/ < 5.89). The total number of counters 

are sixteen in each .forward and backward region. The counter has excellent timing 

properties .. ( d' < 200ps) 
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2.2.3 Tracking 

The following five types of tracking chambers are used in the CDF detector. 

The vertex time projection chamber (VTPC) The Vertex Time Projection 

Chamber (VTPC) (53] consists of eight double time projection chambers surround­

ing the beam pipe and mowited end to end along the beam direction. Fig 2.5 shows 

the VTPC location in the central detector. The whole VTPC system is 2.9 m long 

in beam direction and the active volume is 6.5 cm to 21 cm in radius (60], ~d 

covers 5° < 8 < 175°. Fig 2.6 shows two VTPC modules. One module is divided 

into two drift regions by a high voltage center grid, each has 15.25 cm long drift 

regions. Maximum drift time was set to 3.5 µ sec (59). Each end plane is divided 

into octants with 24 sense wires and 24 cathode pads. As shown in Fig 2.6, adja­

cent modules have a relative rotation angle of t/i = arctan (0.2) around beam a.xis, 

so that it provide t/i information from small angle stereo and eliminate the clack 

caused by octant boundaries. 

A track Z position and R (radial direction) position is measured by TDC data 

from sense wire signal and track t/i informations are measured with both FADC 

data from cathode pad and small angle stereo of rotated modules. (Appendix C) 

The VTPC pad readout are implemented only on the 8 planes. Fig 2.5 shows the 

module position where pads data are read out. Pad readout a.re instrumented to 

cover the end plug region. 

The clock speed of TDC is set to 8nsec and that of FADC is set to 94.3 nsec. 

·The VTPC provide, . 

• M;asurement of primary Z vertex position 

• Identify multiple interactions in the same beam crossing 

• Measurement of Charged multiplicity, dNch/d71 
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(charged multiplicity '7 dependence) for Minimum bias physics (84] 

• Provide event topologies and reject beam gas events 

• ProVide the end plug (10° < 8 < 300), and forward(3.5° < 8 < 10°) region 

tracking. This is essential for e/7t0 separation and the forward muon identifi­

cation. 

• Identification of gamma conversion caused at outside of the VTPC 

Since the VTPC is implemented most inner part of the detector, it is extremely 

important to minimize the material of the VTPC as same as beam pipe. The beam 

pipe is made by 5.08 cm diameter, 500 µm wall thickness beryllium tube. The 

VTPC consists of light-nuclei material such as Rohacell foam, Kapton film and 

epoxy glass or graphite fibers. The minimization of materials also prevailed in the 

choice of chamber mounted electronics and cables. The surfacemount technology 

on thin (0.625 mm) GlO board are used as preamplifier board (62]. The output of 

preamplifier are sent through copper coaxial cable optimized for low mass. Fig 2.7 

shows the average amount of material in radiation lengths. 

The central tracking chamber (CTC) The central tracking chambel' is 1.3 

m radius and 3.2 m long large cylindrical drift chamber (63]. Under the 1.4116 

Tesla magnetic field supplied by the large central solenoidal coil, the CTC can 

measure charged particle transverse momentum with the accuracy of 8Pt/ Pt1 < 

0.002 (GeV/c) -l in the angle region 40° < 8 < 140° and using vertex constraint 

fit on beam position, the rms momentum resolution is improved up to 8Pt/ Pt1 < 

0.0011 (GeV/c) - 1 • 

The CTC has 84 layers of wires and they are grouped into nine "superlayers" as 

shown in Fig 2.8. Five of them have 12 sense wires parallel to the beam direction 

and they are called axial wire. Other four layers have 6 wire tilted by 3 degree to 
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provide the B iofonnation of each tra.ck a.nd ca.lied as stereo wire cell. All superlayers 

have a 45 degree tilt respect to the radial direction to compensate for the Lorentz 

a.ngle of drift electron in the magnetic field. The maximum drift time is set to SOD 

n sec and one TDC bin is set to 8 nsec. 

The forward tracking charnber(FTC) The forward tracking chamber [64] is 

a radial drift chamber which covers in the angle region 2 < B < 10, 170 < B < 178. 

(Fig 2.9) The FTC is composed of 72 wedge shape cells and each cell contains planes 

of radial anode and field shaping wires and planes of cathode strip. The planes are 

slanted by 2 degree relative to the beam axis, so that left-right ambiguities can be 

resolved by requiring that a track points out vertex. Each anode plane has twenty 

four sense wires and twenty six field shaping wires. Four of twenty four sense wires 

are used for charge division. The tracks were reconstructed in!/> -Z plane measuring 

the drift ti~e using LRS 1879 multi hits TDC's. The maximum drift time is set to 

800 n sec and one time bin width was set to 8 n sec. Then tracks are reconstructed 

in R-Z plane using charge division sense wires. The charge division sense wires of 

every other cells were joined in the inner cylinder compartment and currents are 

measured from outer end of wires and read out using 26.5 MHz Flash ADC's. 

The central drift tube (CDT) The central drift tube is implemented surround­

ing the CTC {65! (66). The CDT is composed of three layers of 3 m long, 1.27 cm 

diameter stainless steel tubes.(Fig 2.10) Tracks in R-tf> plane are measured by drift 

time and charge division has been used to measure Z position of each track. Typi­

cal resolution of these measurements are 2.5 mm in axial direction and 200 µm in 

azimuthal direction. 

The small angle chamber (SAC) The small angle chambers are implemented 

between the FTC and forward calorimeter for special use of very forward silicon 
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calorim~ter. 

The central region tracking has been done with three of these tracking devices, 

the CTC, CDT a.nd VTPC. The event Z vertices are measured by the VTPC. The 

VTPC can perform good R-Z track measurement but wea.k in R-1/> reconstruction. 

On the ~ther hand, the CTC has a good measurement in R-1/> plane, but relatively 

weak in R-Z measurements, so that it refers the vertex position measured by the 

VTPC. The CDT has been installed to add more tra.ck R-Z information. In addition 

to the normal tra.ck reconstruction, the VTPC and CDT takes very important role 

in electron a.nd photon identification. For an electron identification, the VTPC 

is used to reject the gamma conversion occurred outside of the VTPC. For each 

electron candidate who has a good CTC track, the VTPC activities between event 

vertex and EM shower centroid has been investigated. 

The CDT has been used as preradiator for centra.l photon identification. 

In the end plug region, charged particle tra.cks are measured with the VTPC and 

CTC. Although the CTC still has good I/> measurement in this region, the quality of 

R-Z reconstruction becomes worse, so that the VTPC-CTC track linking are much 

more important in this region. 1 The VTPC pad read out are implemented to 

cover the plug region so that it can perform track tf> measurement more precisely. 

The CTC-VTPC track matching are much improved by this measurement and it is 

also useful to identify the electron in 1.7 < T/ where CTC tracks don't have enough 

information anymore. In addition to the normal track reconstruction, the VTPC 

pad data are used calculating dE/dx of charged track in order to identify gamma 

conversion occurred at beam pipe. The forward region tracking has been performed 

with the VTPC and FTC. The FTC has good measurement in I/> direction, but weak 

in R direction so that the VTPC R-Z track informations are combined to perform 

good 3 dimensional track reconstruction. These are out line of all tracking system. 

I The detail description will be in the next chapter. 
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. Since each tracking device has strong and weak point in the measurement direction, 

the tracking system was designed to help weak points of other detectors. 

Readout electronics The basic outline of readout electronics are common m 

all tracking systems except for the CDT. There are two kinds of readout path in 

the tracking system. One is TDC readout and the other is Flash ADC readout. 

Flash ADC readout are used in the VTPC pad system and the FTC charge division 

system. 

The chamber signals are amplified at pre-amplifiers mounted on each chamber 

and sent to the Amp-Shaper-Discriminator board (ASD board) located on the end 

wall of the central detector [61] (63]. An ASD board contains 48 channels of the 

main amplifier, signal shaper and discriminator. The signals are digitized by those 

discriminators, then timing informations are sent to the counting room through 

200 feet fiat cable as differential ECL signal. Finally signals are digitized by LRS 

1879 multi hits TDC's. In the Flash ADC system, the signals are amplified by 

preamplifiers which are mounted on the chamber. The amplified signals are carried 

to the Pulse Amplifier Shaper(PAS) board [58] located on the end wall through 

minicoax cables. After processing on the PAS board, they are sent to the counting 

room with 200 feet twisted pair cables and received by line receiver that has base 

line restorer on the FASTBUS (54][54] FADC module [109]. FADC modules digitize 

the analog signal and send them to the SLAC scanner processors. 

2.2.4 Calorimeter 

The CDF calorimeter system is composed of three. electromagnetic calorimeters, ( 

The central EM calorimeter, the end plug EM calorimeter and the forw<u·d EM 

calorimeter) and four hadron calorimeters( the central hadron calorimeter, The end 

wall hadron calorimeter, the end plug hadron calorimeter and the forward hadron 
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calorime.ter). All calorimeters are sampling type calorimeters and the whole sys­

tem covers -4 < TJ < 4 in pseudorapidity range and 2 ir azimuthal angle. The 

central and wall calorimeter (30° < 8 < 150° ) use scintillators and the plu~, 

forward (2° < 8 < 30°, 150° < 8 < 178°) calorimeter use gas chambers as sam­

pling media.· Electromagnetic calorimeters are composed of lead plates absorber 

and sampling media and steals are used as absorber in hadron calorimeters. The 

electromagnetic and hadron calorimeters have approximately uniform granularity 

in rapidity-azimuthal angle space and constructed in the tower geometry pointing 

at the interaction region. Fig 2.11 shows tower size of the calorimeter in T/ - ¢ 

space. Typical tower size is set to 0.1 in 6ri and 15° in 6¢ for the central scintillator 

calorimeter and 5° in the plug and forward gas calorimeters. 

The central electromagnetic calorimeter The central electromagnetic calorime­

ter is used to measure the energy of electrons and photons. It is implemented sur­

rounding the central solenoidal magnet, and covers -1.1 < T/ < 1.1 pseudorapidity 

region (70](76](77](78]. The calorimeter is broken up into 15° wedge style tower ge­

ometry. Fig 2.12 shows one of the 15° calorimeter segments. It is composed of 31 

layers of polystyrene scintillator and 30 layers of lead absorber. The total radiation 

length is 19 X0 • 

Light from scintillator is readout from Y7 wave shift sheets on both side of 

wedges and converted to electronic signals and amplified by phototubes located 

outside of the central hadron calorimeter. Around the electromagnetic shower 

maximum position, (around 6 radiation length in depth), a proportional cham­

ber with fine grained strip (1.5 cm spacing) and wires are implemented to measure 

the electron shower position accurately. The position resolution is. 5 mm in az­

imuthal direction and 3 mm in TJ direction. Energy resolution of the calorimeter is 

6Et/ Et= [(0.135/v'Et)1 + (0.020)1]111 . 
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. The central and end wall hadron calorimeter The central hadron calorimeter 

is implemented outside of the central electromagnetic calorimeter. It is composed 

of 32 layers of acrylic scintillator and steel absorber and it covers 45° < 8 < 135°. 

Total absorption length is 4.7/sinB (73). 

The end wall hadron calorimeter are mounted on the steel end wall of the mag­

net york. The same sampling media and absorber are used as the central hadron 

calorimeter. It has 15 layer in depth and 4.5/cosB absorption length. 2 

The end plug electromagnetic calorimeter The end plug electromagnetic 

calorimeter [50)(51](108] covers polar angle 10° < 8 < 30°, 150° < 8 < 170°(1.1 <\ 

T/ I< 2.4) with segmentation OTJ = 0.09 at 1.41 <\ T/ \< 2.4, OTJ = 0.045 at 1.1 <\ 

TJ I< 1.41 and 6¢J = 5° (Fig 2.13). The detector consists of 34 layers of proportional 

counters and 2. 7 mm lead plate absorber as shown in Fig 2.14. Total thickness is 

18 radiation length {71]. The pad signals are ganged in a longitudinal direction and 

readout as three depth segments. The first segment consists of 5 layers, the second . 

segment consists of 24 layers and the third segments consists of last 5 layers. 

Two kinds of strip patterns are implemented around the shower maximum of the 

calorimeter. These are orthogonal with each other. Fig 2.15 and Fig 2.16 shows each 

strip pattern. The TJ position and ¢J position are measured respectively, then they 

are merged. The 1/ strip width is set to be 6ri = 0.02 and ¢J strip width is set to be 

6¢J = 1°. The coverage of these strip chambers are limited in 1.2 <J T/ I< 1.8 region. 

The energy resolution of this chamber is approximately u/E (%) = 28/v'E(%). 

The end plug hadron calorimeter The end plug hadron calorimeter is com­

posed of 2 inches of steel and 0.75 inches of proportional tube chamber with cathode 

pad readout. It covers 10° < 8 < 30°, 150° < 8 < 170° region, and operated around 

2The centr~ hadron calorimeter uses 2.5 cm steel absorber and the end wall hadron calorimeter 

use11 5.1 cm thick steel. 
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2.1 KV under argon-ethen 50%-50%. It has 6 Xo absorption length and steels work 

as fiwc return of the central solenoidal magnet. 

The forward electromagnetic calorimeter The forward electromagnetic calorime­

ters are implemented at 6.5 m far from interaction region to cover 2° < 8 < 

10°, 170° < 8 < 178° polar.angle range (72]. It was operated around 1.9 KV which 

is middle of proportional region. There are 30 layer in depth and each 15 layers are 

ganged and readout as two depth segment. The energy resolution is 25%/ ../E + 0.5 

The position resolution is between 1 - 4 mm, depends on location in the chamber. 

The calorimeter offers typical the pion misidentification probability less than 0.5 % 

with electron identification efficiency greater than 90%. 

The forward hadron calorimeter The forward hadron calorimeters are located 

outside of the forward electromagnetic calorimeters. They are composed of 27 pairs 

of proportional tube chamber and steel absorber and cover the pseudorapidity range 

of 2.2 <I TJ I< 4.2 {75). It is operated around 1.7-2.4 KV under argon-ethen 50%-

50%. 

Readout electronics The basic readout electronics are common in all calorime-

ter. The output signals of photo tubes or gas chambers are sent to a special 

crate-based an.alog front-end system, RABBIT system, (56] (Redundant Analog Bus 

Based Information Transfer) that are implemented at the end wall of the central, 

forward detector. Since the calorimeter needs a very large dynamic range, ie. from 

a few tens of MeV for minimum ionizing particle to several hundreds of GeV jet, 

16 bit ADC's are used in the system. In the RABBIT system, the output voltage 

of the detector has been read out as follows. 

For each event; the sampling of two voltage levels are performed. The first 

sampling has been done just before the interaction time, it is taken as reference. 
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The second sampling has been performed after the interaction. The difference of 

these two sampling voltages should be proportional to the integrated signal. After 

digitizing these voltage difference, the values a.re sent from RABBIT system to the 

fast intelligent scanner, called MXs, [57] located in the counting room. The scanner 

subtract the pedestal and multiply gain factor, then gives these information to the 

FASTBUS data acquisition system. 

2.2.5 Muon chamber 

There are two kinds of muon chamber in CDF. One is the central muon cham­

ber (67][68]. It is implemented surrounding the central hadron calonmeter. The 

central muon chamber consists of three layers of drift chamber and measures az­

imuthal position using drift time and z coordinate from the charge division sense 

wires Fig 2.17). The momentum of muons are measured by the CTC and it covers 

-0.65 < T/ < 0.65 in pseudorapidity region. The other is the forward muon chamber 

[69] implemented at outside of the forward hadron calorimeter with toroid magnet 

(Fig 2.18). The forward muon chamber covers 3° < 8 < 16°, 164° < 8 < 177°. 

2.2.6 Super conducting magnet 

The Superconducting solenoidal magnet is implemented to supply magnetic field 

parallel to the beam direction in the central detector, so that the CTC is able 

to measure the transverse momentum of charged particles. The superconducting 

solenoidal magnet (81] (82] is 3 m in diameter and 5m long and produces 1.4116 

Tesla ~agnetic field. The coil is made by 1164 t.ums of an aluminum stabilized 

NbTi/Cu superconductor, fabricated by EFT method [83]. The overall radiation 

length is 0.85. The return path of magnetic flux is formed by the iron of return 

york and the absorber of the end plug/er{d wall calorimeter. 

32 CHAPTER 2. APPARATUS 

2.2. 7 Trigger 

Overview 

The four level triggers [140], level 0, 1, 2, 3, are used to reduce the rate from the 

interaction rate of 50 KHz to the rate at which events can be written on tape of 

1 Hz. The level 0 trigger 1s the lowest level of the trigger system. It requires the 

time of flight counters settled in both forward and backward of the central detector 

to be hit. The trigger decision has been made within 100 n sec after the beam 

crossing and inhibit data taking during the next beam crossing if the event satisfied 

the trigger. The level 1 trigger is made in the 7 µsec. This trigger refers only the 

global feature of the event. The information of energy flow in the detector is used 

in level 2 trigger. The level 1 trigger reduces a rate of event to a few KHz. At the 

level 2 trigger, the decision time is almost 10 µsec, so that the dead time according 

to the level 2 trigger. decision is 5-10 3. In this level, the topological features of the 

transverse energy deposition such as clustering of energy in calorimeter are referred. 

Since the data acquisition system needs order 1 msec to readout whole detector 

components. The data aquisition system starts to read out detector data after a 

level 2 trigger is satisfied. To perform these, the level 2 trigger reduced the trigger 

rate down to 100 Hz. The final level trigger, level 3, consist of a software processor 

farm. Sixty Motorola 68020 processor were used for level 3 trigger. Finally the 

output rate of whole trigger system was set to 1 Hz. The CDF trigger has capable 

of parton identification, such as e, µ, T, 11 and jet. And it prepares trigger table 

for each parton in each trigger level, and the final decision has been made 'or' of 

those. This overlapping trigger makes trigger efficiency estimation possible. These 

trigger informations are kept in the raw data tape. They are also used for fast 

event selection of fast event reconstruction path. In order to calculate Drell-Yan 

cross section, electron trigger has been used. The central muon trigger also used for 

electron trigger study. The detail of central electron and muon trigger is discussed 
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later. 

2.2.8 Luminosity measurement 

The luminosity has been measured using both the CDF beam beam counter (BBC's) 

[85] [86] (87] and ~ccelerator information. For luminosity measurement, [88] (89] [90] 

[91] [92], the Tevatron accelerator was run at two different energies, ie Js = 546 

GeV and 1800 GeV. In order to get an absolute luminosity value at Js = 546 

GeV, we started to estimate non-diffractive and diffractive inelastic cross section 

at Js = 546 GeV, then tried to extrapolate it to Js = 1800 GeV. To get an 

absolute normalization of the BBC cross section (a BBC) at Js = 546, the luminosity 

measured with beam parameter and the rate in the BBC are used. The total 

luminosity can be expressed by the beam parameters as follows, 

where 

• NP : The number of protons per bunch 

• N~ : The number of antiprotons per bunch 

• u ~ : Horizontal size of a bunch 

• uv : Vertical size of a bunch 

• f: Revolution frequency of the beams 

The transverse profile of the beam is measured by flying wires and a wall current 

monitor measures beam intensities and longitudinal profile for each bunch. 

Finally we obtained a°JJc = 32.8 ± 3.6mb. The lj°JJc has been estimated also 

from other respect. The second method used Vll.!ues reported by UA4 collaboration 

[93][94). Using MBR Monte Carlo, acceptance correction for the CDF BBC system 
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has been applied to translate lj'ffic of UA4 measurement to lj'J/ic in CDF. The 

correction of inefficiencies of the BBC's due to radiation damages also was applied. 

From this method, we can get lj'f/ic = 36.6±1.7 mb. To c8.lculate the final value of 

ljjt~c, we took an average of those two measurements and finally the value a'JJc = 

35.8 ± 1.7 mb. has been gotten. 

In order to extrapolate the Vll.!ue into Js = 1800 GeV, the ratio R, 

is calculated using beam parameters to be R= 1.30. Using this ratio R and a~~C• 

u18Jfb are estimated to be 

u1~c = 47.0 ± 2.21 ± 2.15mb 

where the first error comes from the contribution of a11c and second term comes 

from R. At the end, an uncertainty from Luminosity becomes ±6% 
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Offi.ine analysis 

3.1 Event reconstruction 

3.1.1 Electromagnetic cluster 

An electron identification starts from the clustering of energy depositions in the 

electromagnetic calorimeters [96]. At first, two kinds of tower lists are made. One 

is a seed tower list. All towers with Et above the seed tower Et threshold 5 GeV are 

put on it. Et is calculated with energy deposits in the electromagnetic calorimetry 

and a z vertex position measured by the VTPC. The other is a list of hit towers 

which had Et more than 0.1 GeV. These towers a.re used to calculate cluster energy. 

Then the highest Et seed is taken from the seed tower list and next the hit tower 

list is referred. A tower is merged into the cluster if it is a neighbor of the current 

tower. (Only towers adjacent in T/ are merged in the central region and any of 9 

towers surrounding the current tower are merged in the plug and forward region.) 

Maximum number of tower is set as follows, 

• 3 x 1( T/ x ¢> ) - The central calorimeter 

• 5 x 5 ( T/ x ¢> ) - The plug calorimeter 

• 7 x 7 ( T/ x ¢> ) - The forward calorimeter 

The ratio of the Et of the new tower to the Et of the current tower is limited to 

be less than 1 in order to prevent clusters from having valleys. Each tower cannot 
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belong to more than one cluster. After clustering these electromagnetic towers, the 

cluster is accepted as EM cluster if total Et is greater than 5 GeV and the ratio of 

the hadronic energy to the electromagnetic energy is less than 0.125. 

3.1.2 Vertex finding 

The event Z vertices are calculated with the VTPC wire information. Using this 

event vertex, transverse energy and pseudorapidity are calculated [121]. In the 1988-

1989 Run, the multiple interaction event rate went up to 20 % at 2 x 1030 cm2sec 1• 

The Z vertex distribution peaked at Z=O with u, = 30 cm [121]. 

3.1.3 Track reconstruction 

The track:! a.re reconstructed from digitized TDC and ADC counts. TDC is used 

in the VTPC, CTC and FTC. And flash ADC data is used for in the VTPC pad 

and the FTC charge division system. The raw data are stored in Data b!l.Ilk (D 

bank) as digitized TDC and ADC counts. In the case of tracking bank, element 

bank (E bank) is almost identical to D bank. E bank also stores TDC and ADC 

counts of each detector. From these E banks, tracks are reconstructed detector by 

detector, except for the CTC track reconstruction in the end plug region and the 

detector oriented segment banks such a.s the CTCS, VTCS, FTCS are produced. 

One segment bank contains all information on a corresponding track. A track is 

parametrized by 5 parameters, 

• Cot () : cotangent of track polar angle 

• ¢> : track azimuthal angle 

• DO : impact para.meter 

• Z : intercept on the Z axis in R-Z plane 

• Cur : curvature of track 
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The error matrix information is also written in the segment bank. 

In the end plug region, CTC tracks are reconstructed using the VTPC infor­

mation, because the CTC dose not have sufficient information in this region. The 

CTC and VTPC linking assumes both detectors to be over efficient, and tries to 

find the set of links which gives the best over all x2• 

Finally these detector oriented tracks are merged to form a final tracking segment 

bank TRKS. 

3.1.4 Clustering the energy deposits in the calorimeters 

Raw data are stored in the detector oriented data bank (D bank). There are mainly 

7 kinds of D bank corresponding to 7 calorimeters 

CEM, CHAD, WHAD, PEM, PHAD, FEM and FHAD [122) [123) 

The raw data are stored as corrected ADC count. 1 These ADC counts are con­

verted into the energy deposition in each channel and stored in detector oriented E 

bank. The several kinds of offiine noise filters, such as PEM spike noise [129) [130] 

[131), noise from slow neutrons [127) [128], the forward hadron and plug hadron 

calorimeter cable noise [124] [125) [126] have been applied during the conversion of 

D bank to E bank. Then the detector oriented E banks are merged into a calorime­

ter tower bank TOWE. The energy clustering (The electron clustering and the jet 

clustering ) are done using TOWE bank and make a segment bank called CALS. A 

CALS bank corresponds to a physics object such as an electron, a photon, and a jet 

( a parton ). It contains all informations on the cluster such as corrected transverse 

energy, T/ and ¢> location. 

3 .1.5 Others 

A precise measurement of a.n electromagnetic cluster centroid was done using the 

strip chamber implemented in the central and plug EM calorimeters. At the first 

1Gas gain correc~ion and Amplifier correction has been applied 
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stage, T/ ·and ¢> positions are calculated respectively, then they are combined. The 

strip chamber segment bank, CASS, is ma.de for each strip chamber cluster. 

A missing transverse energy was measured using all calorimeter informations 

and a segment bank, METS [1321 [1331 was made event by event. 

In addition to these informations, trigger information, luminosity information 

and several parameters used to produce the data summary tapes (DST's) are also 

kept in the DST. 

3.1.6 Parton reconstruction 

The parton reconstruction was done using these calorimeter and tracking informa­

tions. The higher level segment banks were made for each reconstructed parton. 

For example, an ELES bank is made for an electron and a photon, and a CMUO 

bank is made for a central muon. These segment banks contain not only kinematical 

variables of the parton, but also the variables for the parton identification. 

3.2 Electron identification 

In this section, the parameters used to identify electrons are described. First, the 

parameters common in the central and plug electron identification are described, 

then the parameters special to either the central or plug electron identification are 

described respectively. 

3.2.1 Parameters common over all regions 

Had/Em The ratio of the energy deposit in the hadronic calorimeter to that of 

electromagnetic calorimeter. 

The VTPC hit occupancy [98] In order to reject gamma conversion electrons 

produced outside of the VTPC, a high VTPC hit occupancy has been required. The 

VTPC hit occupancy is defined as follows: The road is assumed between the primary 
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vertex and the centroid of EM cluster with the width of 6 T/ = 5 mm and 6 <P = 

5 mm in the shower maximum depth, R=l84.5 cm for the central electromagnetic 

calorimeter and Z = 190 cm for the end plug electromagnetic calorimeter. The 

number of expected hits in the road is calculated. Since the VTPC has 24 sense 

wires in radial direction, the maximum number of expected hits is 24. If a track 

passed close to radial board (within 0.035 radian from octant boundaries) or module 

boundaries, we don't expect the hits. Then the number of active hits in the road 

are counted from wire TDC information. Hits are counted as active if there is an 

overlap between road and a translated R-Z position of each hit. Finally the VTPC 

hit occupancy is defined as, 

(3.1) 

Fiducial cut For the central and plug electron, the fiducial volume is defined as 

the region excluding the following regions:[99J 

• In the central calorimeter 

1. Tower 9 

2. Tower 7 of chimney module 

3. Local wedge IX I > 2.1 cm from the tower center 

• In the end plug calorimeter 

1. Outer 2 T/ annul 

2. Inner 2 T/ annul 

3. 5 degrees in <P from each quadrant boundary 

4. Dead channels 

5. Runs with more than 30 dead channels. 

• In the VTPC 

40 CHAPTER 3. OFFLINE ANALYSIS 

l. Less than 10 expected hit : If the distance between a road and an octant 

boundary is closer than 0.035 radian, the wire hi.ts are subtracted from 

expected hits.) 

3.2.2 Electron identification in the central calorimeter 

In order to identify electrons in the central calorimeter, the following variables are 

used: 

Lshr The Lshr variable [100) is a X2 like lateral shower profile. A central caloiime­

ter tower covers 0.1 in pseudorapidity and 15 degree in azimuthal angle [101]. The 

lateral shower profile, Lshr, is calculated from energy deposition in three tower seg­

ments of a seed tower and the two adjacent towers in T/ . The definition of Lshr 

is 

L3hr = 0.14 x L Mk x Pk 
k Jo.142 x E + 6Pf 

(3.2) 

where the sum is over the ~owers adjacent to the seed tower, Pk is the expected 

energy in the adjacent tower k, Mk is the measured energy in adjacent tower k, E 

is electromagnetic energy in the 3 tower segments and 6Pk is the error in P which 

is derived from 1 cm variation in the impact points. Pk has been calculated with 

the central strip chamber and the event Z vertex. 

G.ood 3 dimensional track At least one 3 dimensional track reconstructed by 

the central tracking chamber is required. The track must be fitted with curvature 

to be able to calculate transverse momentum of the particle. 

E/P The energy of a central electromagnetic calorimeter and the momentum of 

a 3 dimensional track pointing to the cluster are compared. The va1iable E/P is 

defined as 

E/P:: EsM 
Pc Tc 

(3.3) 
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where EEM is an energy deposition in the electromagnetic calorimeter and Pere is 

the highest track momentum in the cluster. The ratio is calculated from co1Tected 

energy and vertex constrained momentum (102]. 

Lateral shower shape x2 with the central strip chamber The x2 is calcu­

lated as a deviation of a transverse shower profile of the strip chamber signal from 

an electron shower shape expected from the test beam data [103]. 

A match between the shower center position and the extrapolated the 

CTC track position In the central calorimeter, a shower centroid is calculated 

using the central strip chamber and the CTC track is extrapolated to strip chamber 

position assuming track momentum measured by the CTC [104). 

3.2.3 Electron identification in plug calorimeter 

A match between the shower center position and the extrapolated the 

CTC track position In the plug region, a shower position is calculated with the 

strip (106] if available. The shower center calculated by the pad information is used 

if T/ > 1.5 (avoid the strip chamber boundary) or o T/ > 0.04 (avoid the dead strip 

and mislinking T/ and ¢ strip informations) or 6 ¢ > 0.04 (avoid the dead strip 

and mislinking T/ and ¢ strip informations) where o T/ and o ¢ a.re the difference 

between the shower centroid calculated with pad information and that with strip 

information. CTC tracks a.re extrapolated to the shower maximum position in the 

end plug electromagnetic calorimeter (Z = 190 cm). The distance between the 

sh<;>wer centroid and the extrapolated the CTC track position is calculated in the 

unit of cm [105]. 

A match between the shower center position and the extrapolated the 

VTPC track position A match between the VTPC track ancl the shower cen­

troid in the end plug calorimeter is evaluated in the units of o T/ and o q, ( radian), 
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instead of o R (cm) and o ¢ (cm), because the error of the polar angle measurement 

with the VTPC is more constant in o T/ unit than the error in terms of o R (cm). 

The momentµm resolution in the VTPC pad is almost 30 % for a 1 GeV /c Pt track 

(109] and the momentum information is not useful in our interested momentum 

region so that o ¢ has been calculated as a difference in ¢ between the shower cen­

ter and the VTPC track azimuthal angle at vertex position. The detail matching 

algorithm 11.re described in appendix C. 

Lateral x2 3 x3 The x2 is calculated as the deviation of measured lateral shower 

profile from the expected shower profile of the test beam data. The energy depo­

sition of 3 rows in T/ and 3 rows in ¢ around shower center a.re used to calculated 

this x2 (107] (108]. 

dE/dx of track In order to identify gamma conversions at beam pipe, dE/dx of 

electron candidates a.re calculated using the VTPC pad information (110]. 

3.2.4 Isolation distribution 

The isolation variable of electromagnetic clusters a.re defined as follows. 

Econe(0.4) - Et 
I sol= Et (3.4) 

where Econe(0.4) means the sum of Et in a cone with a radius of R = .,/ $¢2 + OT/ 2 = 

0.4 a.round the electron and Et means the Et of the EM cluster. Here we normalize 

the isolation value by Et of the electron. In the heavy flavor semileptonic decay, the 

jet activities a.round the electron depend on the Pt of the pa.rent b or c quarks, so 

that we have to normalize these activities by the Pt of parent quarks. Instead of the 

Pt of the pa.rent quark, the Pt of the decay electron is used to normalize the isolation 

variable assuming that the Pt of the electron is approximately linear to the Pt of the 

pa.rent quark. As a result, the isolation variable doesn't depend of electron Pt for 
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heavy flavor semileptonic decay. This is very important for backgrounds estimation. 

The details are described at section 3.6.1. On the other hand, for electrons coming 

from Drell-Yan process, if we assume the underlying events contribution "Econe(0.4) 

- Et" is common in all mass region, the variable I sol depends on the electron Pt: it 

tends to be big in low Pt electron, and tends to be small for large Pt electrons. It 

means the isolation cut efficiency depends on invariant mass value. The estimation 

of this dependence will be discussed later, but it is small when we set the cut value 

at 0.1. Then !,,..., is defined as, 

(3.5) 

I so/1 and I so/2 are the isolation of the 1st and 2nd electrons. 

3.3 Data reduction 

In this section, the data samples used for physics analysis are described. In the 

section 3.3.1, the CDF data summary tape production and its output streams 

[111] are described. Then in the section 3.3.2, the data set stripped out of the CDF 

common data summary tapes for this analysis is shown. 

3.3.1 The CDF data summary tape production 

During the 1988-89 run, the raw data were written on total 5500 reels of nine track 

tape and they were processed through the version 5.1 CDF offline event reconstruc­

tion programs (112]. The data summary tape (DST) production has been clone 

using a Vax 3100 farm and ACP system [113) [114). About 150 MIPS of processing 

power was available in these systems. 

Overview 

The event. reconstruction codes were written by more than one hundred collabo­

rators to be able to do physics analysis with fully corrected data. All data Row 
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between·these programs are controlled by YBOS bank [115]. The bank format is 

determined in "Data Analysis Structure (DAIS)" [116]. At the first stage, the de­

tector oriented analysis has been done, such as reconstructing tracks, converting 

calorimeter ADC counts into corrected energy value and suppressing several kinds 

of noise. Then 'the parton reconstruction analysis', such as the reconstruction of an 

electron, a jet and a muon, has been done using the reconstructed tracks aild the 

cluster of the calorimeter energy deposit ( a jet clustering for a jet reconstruction and 

an electromagnetic energy clustering for an electron-photon identification). Finally 

the physics oriented DSTs are produced. There are a number of physics oriented 

output streams such as the electron-photon output stream, the QCD jet output 

stream, the muon output stream (117], the electroweak output stream (118] (119], 

the heavy flavor (top and bottom) output stream and the missing Et (Neutrino) 

output stream (120). 

Total 8100 DST's were produced in Version 5.1 production [lll). Full recon­

struction needs 240 sec in VAX 780 CPU time per event. 

Physics oriented output stream 

After reconstructing events, they are separated into several physics oriented output 

streams. For our study, 'the electron and photon output stream' is used to make a 

dielectron sample and 'a central muon + a central or plug electron sample in the 

electroweak output stream' are used to make 'an ~lectron + a muon' sample, so 

that only these two streams are described here. 

The inclusive electron data summary tape production The inclusive electron­

photon DST has been produced applying cuts described below. Since the only cen­

tral and plug electrons are used in this analysis, only the cuts related to the central 

or plug electrons are described. 

The offline Et threshold depend on the trigger. They are 



3.3. DATA REDUCTION 45 

• Calorimeter Et > 5 GeV for the 5GeV-5GeV dielectron trigger (Central) 

• Calorimeter Et > 10 GeV for the 12 GeV central electron trigger 

• Calorimeter Et > 23 GeV for the 25 GeV end plug photon trigger 

• Calorimeter Et > 8 GeV for the 10 GeV-10 GeV diphoton trigger 

Then the electron-photon qualities are examined. If they satisfy the following cri­

teria, they are kept in DST as candidates of electron or photon events. 

For the central electron, 

• The track Pt > 4 (GeV/c) or the track Pt > [(offiine calorimeter Et 

threshold)-1] (GeV /c) 

• Number of track > 0 

• Had/Em < .125 

• X~1.;,. < 15 

• Lshr < 0.3 

• Track-Strip chamber position matching 6Z < 5 (Cm) 

For the central photon, 

• Number of track = 0, if the number of associated track is greater or equal to 

1, the track Pt < 4 (Ge V / c) and the track Pt < (the offiine calorimeter Et 

threshold)-1) (Ge V / c) are required. 

• Had/Em < .125 

• X~crip < 20 
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• Isolation 1 

LE1(R=0.7) < 15(GeV) 

or 

L E,(R = 0.4) < 15 (GeV) and Lshr < 0.2 

And for the plug electron and photon, 

• Had/Em < 0.1 

• X~x3 < 25 

• El/E2 < 0.5 

where El and E2 are energy deposition in tlie 1st and 2nd depth segment of the 

end plug EM calorimeter. 

In addition to these single electron/photon cuts, another path is prepared for 

isolated two EM clusters. If more than one EM cluster satisfied the following cuts, 

the events are kept in DST. 

• An isolated EM cluster: !sol (R=0.7) < 0.25 3 

• Had/Em < 0.125 for the central calorimeter, 

and Had/Em < 0.1 for the plug calorimeter 

• The Et of EM cluster is greater than Et threshold defined as above. 

Total 1500 reels of 9 track tapes and 75 reels of 8 mm tapes are produced for an 

inclusive electron sample. 4 

1The sum of the calorimeter Et in each tower with a centroid within a distance of 0.7 in 1) -

~ space of the centroid· of the EM cluster 
3Definition of '!sol' is described at Equation 3.4 
40ne Srrun tape can contain ten 9 track tapes data. 
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electron+ muon data summary tape production In the electroweak output 

stream, there are three kinds of substream for "The central muon + the central or 

plug electron". The substreams select the events passing one of the following cut 

parameter sets [118] [119]. 

Substream 1 : (The central electron + the central muon) 

For the central electron, 

• Calorimeter Et > 7 GeV 

• Had/Em < .055 + .00045 x Energy (GeV) 

• Lshr < 0.2 or Isol < 0.1 

• E/P < 2 or Track Pt > 5 GeV/c 

• Strip x2 < 15 

• Track-Strip chamber position matching oz < 5 cm and o,P < 3 cm 

For the central muon, 

• Muon chamber stub 

• Track Pt > 5 GeV /c 

or the track with minimum ionization in the central calorimeter 

• Track Pt > 5 GeV /c 

• Calorimeter Et (in the corresponding tower) < 6 GeV 

• 6 R to electron > 0.1 (6 R = Jo 11~-,. + o ¢>~_,.) 
Substre~ 2 :( The plug electron + the central muon) 

For the plug electron, 

• Calorimeter Et > 10 GeV 
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• Had/Em < .055 + .00045 x Energy (Ge V) 

• Isol < 0.2 

• VTPC hit occupancy > 0.5 

• X~x3 < 15 

For the central muon, 

• Muon chamber stub 

• Track Pt > 5 GeV /c 

Substream 3 :(Central muon) + ( Central, Plug or electron) 

For the central muon, 

• Track Pt > 7 GeV /c 

• Track-Muon chamber hit position matching o,P < 10 cm 

For the central or plug electron, 

• Calorimeter Et > 10 Ge V 

• Had/Em < .055 + .00045 x Energy (Ge V) 

• Lshr < 0.2 for CEM and Lateral X~x3 < 15 for PEM 

3.3.2 Data sample 

From the CDF data summary tapes, dielectron events and electron + muon events 

are stripped out for our analysis. In this section, the data sample used for our 

measurements are described. 



.3. DATA REDUCTION 49 

ielectron samples (Mini DST) 

he dielectron events are stripped out of the CDF electron data summary tapes. 

A fotal integrated luminosity of 4.76 pb-1 is used for this analysis. In order to 

make dielectron DST's, the tight cuts are applied to one central electron. The 

other leg of the ..pair is required to be either the central electromagnetic cluster 

associated with a. track or an end plug electromagnetic cluster. There are total of 

12350 central · central electron pairs ( 3 nb) and 7280 central - plug electron pairs 

( 1. 73 nb ). The tight cut efficiency for the central electrons is 75±2 3. In order to 

reject gamma. conversions, a. pair invariant mass > 0.5 GeV /c2 is required, then the 

9880 central-central pairs a.re retained (2.4 nb ). When loose cuts are applied to the 

2nd electron, the 2900 the central-central pairs and 1320 the central-plug pairs(0.3 

nb) are survived. The electron identification efficiency of the second electl·ons are 

94±3 3 for central electrons and 92 ± 3 3 for the plug electrons. The set of tight 

and loose cut parameter values are written on Table 3.1. Although electron Et 

cut is applied at the CDF electron DST production, no additional Et cut is applied 

for this stage. From this dielectron sample, three kinds of data samples ai·e made; 

sample 0 (Sample for efficiency studies), sample 1 ( Drell Yan sample) and sample 

2 (Heavy flavor sample). 

Sample 0 (Sample for efficiency studies) This sample was made for studies of 

the trigger efficiency and the offiine electron identification efficiency. No additional 

cut except for the CDF fiducial volume cuts were applied to the dielectron DST 

data. Total 10700 central-central electron pairs and 4400 central-plug electron pairs 

are kept in this sample. 

Sample 1 ( Drell Yan sample) A sample is made for zo and Drcll-Yan measure­

ments. Since the trigger Et threshold is different in the central and plug electromag· 

netic calorimeters, only the central calorimeter is used for the low mass Drcll-Yan 
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study (Mass < 40 GeV /c2 
) and both the plug and central calorimeters are used 

for the high mass Drell-Yan studies (Mass > 40 GeV /c2 
). In order to reduce 

the backgrounds, at least one good electron is required in the central region and 

another loose cut electron is required in either the plug or central calorimeters. ·For 

the central - central electron pairs, the 5GeV-5GeV dielectron trigger is required. 

The central 12 Ge V single electron trigger is required for the central - plug electron 

pairs. But the end plug photon trigger is not used for this study. Kinematical and 

geometrical cuts are defined as follows. 

For the central -central pairs, 

• Within the CDF Fiducial volume 

• Lshr should be calculated 

• Strip Chamber (both strip and wire) should have a signal 

• VTPC expected hits > 4 

• Calorimeter Et of each electron > 6 Ge V 

For the central- plug electrons, the central electrons should satisfy, 

• With in the CDF Fiducial volume 

• Lshr should be calculated 

• Strip Chamber (b9th strip and wire) should have a signal 

• VTPC expected hits > 4 

• Calorimeter Et of electron > 15 GeV 

The plug electron are required to be 

• Within the CDF Fiducial volume 
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• VTPC expected hits > 4 

• Calorimeter Et of each electron > 6 GeV 

Total 2247 central-central electron pairs are kept in this sample and 98'5 events have 

its invariant mass greater than 12 GeV /cl and 220 events out of 985 are kept after 

requiring isolation against both electrons. For the central-plug electron pairs, 230 

events are kept and 170 events are found in the mass region of 40 GeV /cl < M 

and 130 out of 170 events satisfied isolation cuts. 

Sample 2 (Heavy flavor sample) A sample is made for dielectron Pt distii­

bution measurement in the pseudorapidity range I T/c I < 1.0. Since nonisolated 

electrons have to be treated, tight cuts are applied to both electrons to reduce the 

background contamination. For this analysis, only the central calorimeter is used. 

Kinematical and geometrical cuts are defined as well as the central-central electron 

pairs of Sample 1, and the 5 GeV - 5 GeV dielectron trigger is required. Since 

the Pt of electrons from the heavy flavor semileptonic decays are small, track Pt 

rather than calorimeter Et was used. In addition to these cuts, the invariant mass is 

required to be larger than 0.5 GeV /cl to reject the gamma conversion. After requir­

ing mass > 0.5 GeV /c1 , 1076 events are obtained from total 1354 central-central 

electron pairs. 

The electron + muon sample (Mini DST) 

The 'central muon + central or plug electron' events are stripped out of the CDF. 

electroweak data summary tapes adding to the following cuts: 

For the central electron 

• Good 3 dimensional track 

• Had/Em < .055 + .00045 x Energy (Ge V) 
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• Lshr < 0.2 

• The CDF fiducial cut 

For the plug electron 

• Had/Em < .055 + .Q0045 x Energy (GeV) 

• Lateral x5x3 < 15 

A total integrated luminosity of 3.0 pb- 1 is used for this analysis. Although Et cut 

is applied in the CDF electroweak DST production, no additional Et cut is applied 

at this stage. From this electron + muon sample, the following two data samples 

are made: sample 3 ( Sample for efficiency studies) and sample 4 (Heavy flavor 

sample) 

Sample 3 ( Sample for efficiency studies) This sample is made for studies of 

the trigger efficiency. No additional cut are applied to the electron + muon mini 

DST data. 

Sample 4 (Heavy flavor sample) This sample is made for the study of heavy 

flavor leptonic decay property. Since electrons do not have isolation requirements, 

fairly tight cuts are applied to both electron and muon to reduce background con­

taminations. Only central electron + central muon pairs are kept in this sample. 

• Calorimeter Et > 6 GeV 

• Had/Em < .055 + .00045 x Energy (GeV) 

• Lshr < 0.2 

• 0.6 < E/P < 1.5 or Track Pt > 5 GeV/c 

• VTPC hit occupancy > 0.6 
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For the central muon, 

• Track Pt > 6 GeV /c 

• Track position matching 5 x < 10 cm 

• Track slope matching 5 dx < 0.1 

1 Hadron Calorimeter tower energy < 6 GeV 

• EM Calorimeter tower energy < 2 GeV 

Total 334 electron + muon pairs are kept in this sample. 

3.4 Trigger efficiency 

The trigger study described here concentrates on two of the electron triggers which 

are used for Drell-Yan cross section measurement. They a.re the 12 GeV central 

electron trigger and the 5 GeV- 5 GeV dielectron trigger [134] [135]. In addition to 

the level 0 BBC trigger, the 12 GeV central electron trigger is composed of three 

trigger stages, level 1, level 2 [140] [141] and level 3 triggers [144] [145). The 5 GeV -

5 GeV dielectron trigger is composed of two stages of hardware triggers, level 1 and 

level 2, but no level 3 is used. The trigger study has been done using 'the dielectron 

sample O' and 'the electron+ muon sample 3'. 

3.4.1 Level 1 and Level 2 electron triggers 

In this section, the product of level 1 and 2 trigger efficiencies are described (136] 

[137]. For this study, the two of level 2 triggers are used. They a.re 

• A Single electron trigger requiring an energy deposition of Et > 12 GeV in 

the central electromagnetic calorimeter with a "trigger tower" ( o TJ = 0.2, 5 

4>=15° ) and a track of Pt > 6 GeV /c found by the online track processor. 
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• A dielectron trigger requiring two or more EM clusters each with 5 GeV and 

a track Pt > 4.8 GeV/c found by the online track processor [138] [139]. 

And an electron related level 1 triggers are, 

1 The central tower threshold is set to 6 GeV and total electromagnetic Et is 

required to be great!r than 6 GeV. For this level 1 trigger, the calorimeter 

summer table 3 is used (for the 12 GeV central single electron trigger). 

1 The central tower threshold is set to 3 GeV and total electromagnetic Et is 

required to be greater than 3 GeV. For this level 1 trigger, the calorimeter 

summer table O is used (for the 5 GeV - 5 GeV central dielectron trigger). 

The 12 GeV central single electron trigger The 12 GeV central electron 

trigger was studied using ' an electron + a muon sample 3' and 'the plug electron 

+ central electron sample'. In order to study the efficiency of the central 12 GeV 

electron trigger, the events triggered by the central muon were selected from this 

sample and the tight offiine electron cuts are applied to the electron candidates, 

then the electron trigger efficiency is calculated as a function of electron Pt. 

The electron trigger efficiency depends on the isolation of electrons. This is 

partially because the level 2 electron trigger has a Had/Em cut in it and partially 

because level 2 track momentum measurement also depends on track isolation. The 

trigger efficiency E is defined as follows, 

where N1,;,. andN101ol are 

_ N1rigg 

E = Ntolol 1 
(3.G) 

• N101o1 : The number of events triggered by the central. muon trigger and has 

an electron candidate which passed offiine tight electron identi.fica.tion cut. 

1 Nirigg : The riumber of events triggered by the central electron trigger in the 

N1• 101 events. 
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. Fig 3.1 shows the central 12 GeV single electron trigger efficiency as a function 

of electron Pt .for nonisolated electrons. Since these events are triggered without 

calorimeter informations at the level 1 trigger, the measured efficiency is the product 

of level 1 and level 2 trigger efficiency. These electrons mainly come from heavy 

flavor leptonic decay, so that this trigger efficiency is used for heavy flavor electron 

Pt distribution measurement. As shown in Fig 3.1, the trigger is full efficient a.t 

the calorimeter Et > 15 GeV. The trigger efficiency of isolated electron ~ with 

Et > 15 GeV is measured to be 95.0 ± 4.5 %. The trigger efficiency for the 

nonisola.ted electrons (Isolation > 0.1) becomes 92.0 ± 3.8 % with Et > 15 GeV. 

The same kinds of analysis has been done using the plug electron + central electron 

event sample. We selected events triggered by the plug electron in the sample and 

estimated the central electron trigger efficiency to be 96.2 ± 0.8 3 with Et > 15 

Ge V for isolated electrons. 6 

The 5GeV-5GeV central dielectron trigger The dielectron trigger efficiency 

was estimated using the dielectron event sample which is triggered by the 12 GeV 

central single electron trigger. The efficiencies are calculated separately for the 

isolated, nonisola.ted electrons and the electrons coming from J/w decay. When we 

calculate the nonisola.ted electron trigger efficiency, the following cuts are applied 

to dielectron sample 0: 

• Both electrons should satisfy offiine tight electron cuts 

• Dielectron invariant mass > 7 GeV/c2 (For J/IJ! sample, 2.8 (GeV/c2
) < 

M < 3.2 (GeV /c2) is required) 

• Tciggered by 12 GeV central single electron trigger 

On the ot.her hand, for isolated electron trigger efficiency measurement, we demand 

'Im•• < 0.1 is required. The definition or Im .. is equation 3.4 and equation 3.5 
'Im•• > 0.1 is required. The definition or Im•• is equation 3.4 and equ:>tion 3.5 
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• one tight cut electron and one loose cut electron 

• Invariant mass > 7 Ge V 

• Triggered by 12 Ge V central electron trigger 

• Both electron isola.tien should be less than 0.1 7 

This is because an isolation requirement reduces the non-electron backgrounds sig­

nificantly, so tha.t the loose electron cuts instead of tight electron cuts a.re applied 

for the trigger study of isolated electrons. Fig 3.2 shows the Et dependence of the 5 

GeV electron trigger efficiency for isolated and nonisolat~d electrons and J/IJ! decay 

electrons. 8 For isolated electron, the efficiency was measured to be 93.3 ± 2.1 3 

a.t Et > 6 GeV. 

The 5 GeV electron trigger efficiency is also studied with "a. central electron + 

a. central muon" sample. The method is the same as tha.t of the 12 GeV electron 

trigger study. First, the events triggered by the central muon a.re selected. Then the 

number of events which sa.tiS!ied "5 GeV central electron + 3 GeV central muon 

trigger (ELECTRON..EMC..5_CMU..3 )" are counted. Fig 3.3 shows the trigger 

efficiency as a. function of the electron Pt. For this plot, no isolation cut is applied. 

When an isolation cut is applied, the efficiency becomes 97.5 ± 2.5 3 for electrons 

with Et above 6 GeV. The 5 GeV electron trigger efficiency measured with the 

electron + muon sample is the product of level 1 and level 2 trigger efficiency. On 

the other hand, the 5 GeV electron trigger efficiency measured with the dielectron 

sample includes the efficiency of level 2 trigger only. Because we demand level 2 

central 12 GeV electron trigger which should satisfy level 1 electron trigger. But 

these efficiency is consistent within the error, so that we assumed the level 1 trigger 

efficiency is 100 3 and combined the results from "an electron +a muon data" and 
7The definition or isolation variable is written in Section 3.6.1 
~Since the electron trigger tower size is 6 '1 = .2, 6~=15°, high Pt J /\f/ 's are not always recogniied 

as two separate EM clusters. 
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"dielectron data" trigger efficiency study to calculate final 5 GeV trigger efficiency. 

The efficiency Is defined as follows, 

E = (NI,,;gg + N2,.;gg} 
- (Nltolol + N2101o1) 

(3.7) 

• N1,.,.1:The number of events which were triggered by the central muon trigger 

and had an electron candidate satisfying the offiine tight electron identification 

cuts (the electron+ muon sample 3). 

o Nl 1,;gg:The number of events triggered by the 5 GeV central electron + 3 

GeV central muon trigger in the Nl 10101 events (the electron + muon sample 

3). 

• N2t0101:The number of events which were triggered by the central 12 GeV 

electron trigger and had another electron candidate. (The loose cut is applied 

for the isolated electron study and the tight cut is applied for the nonisolated 

electron trigger efficiency study.) (the dielectron sample 0) 

• N21.;99 :The number of events triggered by the central dielectron trigger in the 

N210101 events (the dielectron sample 0). 

Finally the combined efficiency is measured to be 94.3 ± 1.7 %. This is the efficiency 

the 5 GeV electron trigger, so that the efficiency of the dielectron trigger is square 

of this efficiency. 

Next the opening angle dependence of the trigger efficiency is studied. Because 

of the size of the trigger tower, level 2 trigger is inefficient for electrnn pairs with <i 

small opening angle. The study has been done using the following sample: 

o Both electrons should pass the tight cut 

• The dielectron invariant mass > 0.5 GeV/c2 
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• The central 12 GeV trigger should be satisfied 

• Electron Et (calorimeter) > 6 GeV 

The Level 2 dielectron trigger efficiency is plotted as a function of opening angle 

in Fig 3:4. The inefficiencies of level 2 trigger are seen in the small opening angle 

pairs. These inefficiencies will be corrected to measure the electron Pt distribution 

from heavy flavor cascade decay. 

3.4.2 Level 3 electron triggers 

There are also several types of level 3 trigger [135]. For our study," Single electron 

12 Ge V trigger in the central plastic scintillator " has been used [142j [143j. The 

level 3 electron trigger performs the following items: 

• Clean up serval kinds of calorimeter noise [129] [130] [131], [127j [128j [124] 

[125] [126] 

• Recalculates Had/Em and makes a cut Had/Em < 0.125 

• Calculates Lshr and makes a cut of Lshr < 0.5 (This Lshr variable is level 3 

version Lshr which is different from that of the offiine analysis.) 

• Calculates the CTC track transverse momentum with level 3 code and requires 

Pt > 6 GeV/c 

The efficiency of level 3 electron trigger has been measured from electron + muon 

sample 3. For this sample, we demand the following additional requirements. 

• Level 2 central electron 12 GeV trigger is satisfied 

• Level 2 central muon trigger is satisfied for electron + muon sample. 

• Offiine tight electron cuts are applied. 
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. All events in this sample satisfy level 1 and level 2 electron trigger so that the only 

level 3 trigger efficiency can be extracted. And by requiring muon trigger, these 

events can be kept independent of level 3 electron trigger. In order to reject fake 

electrons, tight electron cuts are applied. 

·When we mea.sure physics quantities, the electron efficiencies are calculated a.s 

f :: fLl X fL3 X foJ (3.8) 

• fLl : Level 2 trigger efficiency x Level 1 trigger efficiency 

• fLJ : Level 3 trigger efficiency 

• e01 : Offiine electron tight cut efficiency 

Since both offiine electron identification and Level 3 trigger require ~hat Lshr cut 9 , 

in the case that a real electron ha.s Lshr greater than 0.2 in the offiine calculation, 

and greater than 0.5 in level 3, that is treated as offiine electron identification 

inefficiency, but is not taken as that of level 3. The inefficiency of level 3 is taken, 

if offiine Lshr cut is satisfied, but it is not satisfied at level 3. The trigger efficiency 

has been measured for only isolated electrons. The efficiency is 98 ± 2 % for the 

central isolated electrons with Et larger than 15 GeV. 10 

3.5 Electron identification efficiency 

The electron identification efficiencies for low and high momentum electrons have 

been studied with two kinds of methods. One method (Method 1) calculates the 

efficiency from second electron of J /'ii and zo and the other method (Method 2) 

calculates it by counting the difference between the number of opposite and same 

sign pairs. The studies have been done using the dielectron sample 0. 

vLevel 3 required that level 3 version Lshr < 0.5, and oflline electron identification demands 
that oflline version Lshr < 0.2. 

10For the nonisolated electron study, only the dielectron trigger is used. 
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3.5.1 . Electron cut value optimization 

The applied cut values are determined by looking at the distribution of each cut 

parameter of the pure electron sample. Fig 3.5 shows the distribution of each cut 

parameter of the 2nd electron for four different electron samples, zo, J /'11 , isolated 

J/'11 and nonisolated J/'1/., In order to get pure electron samples, all other cuts 

which seem to be independent of the studied cut are applied. Table 3.2 shows 

which cuts are applied to investigate the distribution of each cut parameter of pure 

electrons. As same as the central electron, the plug electron identification cut values 

are determ..ined by electrons of the central-plug zo events in the Sample O. Fig 3.6 

shows distribution of each parameter. 

3.5.2 Electron cut efficiency study (Method 1) 

The electron cut efficiencies of low and high momentum electrons have been studied 

with decay electrons from J/'11 and Z0
• Since each cut efficiency depends on the 

isolation, it has been studied with and without the isolation cut. To make the 

J/'11 sample, a set of tight electron cuts is required on a central electron, then 

another EM cluster is required in the central region. For the zo sample, one tight 

cut central electron and another EM cluster in the central or plug calorimeters have 

been required. The events whose electron pair invariant mass is between 2.8 and 3.2 

GeV are defined as J /'11 candidates and between 75 and 105 GeV are defined as zo 
candidates. J /W mass is calculated using track momentum measured by the CTC 

and the zo mass is calculated using energy deposit in the calorimeter. The efficiency 

of each cut has been calculated from the distribution of the second electron of these 

J /'11 and zo candidates. Fig 3. 7 shows the dielectron mass distribution ru·ound the 

J /'11 peak after applying each cut to the 2nd electrons. The numbers of signal events 

and background events in the J/w mass region are estimated by interpolating the 

continuum. A tight and a loose cut are used to measure Orel!-Yan cross section. 
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· For the central electrons, we define the tight cut parameter set as 

• Had/ Em < 0.055 + 0.00045 x Energy( Ge V) 

• Lateral shower shape (Lshr) < 0.2 

• VTPC hit occupancy > 0.2 

• CTC track - cluster matching 

6Z < 3cm 

6X < 1.5 cm 

• X~trip < 10 

I E/P < 1.5 

• The CDF fiducial volume cut 

• CTC track 

and loose parameter set as 

• Had/Em Had/ Em < 0.055 + 0.00045 x Energy( Ge V) 

• Lateral shower shape (Lshr) < 0.2 

• VTPC hit occupancy > 0.2 

• The CDF fiducial volume cut 

• CTC track 
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The efficiency of each cut is also investigated. Table 3.3 shows cut efficiencies of 

each cut parameter. Figs 3. 7 and 3.8 show invariant mass distributions around 

J /ill mass satisfying and not satisfying the cut described below. The 
0

detail of 

cut efficiency calculation is written in the appendix B. The tight cut efficiency is 

measured at first, then the efficiency of each cut parameter is measured using it. 

Since the decay electrons of zo are isolated well, the nonisolated electron efficiency 

has been measured only using J /ill decay electrons. 

The tight cut efficiency is 85. 7 ± 6.0 %, and the loose cut efficiency is 96.3 ± 

3.0 % for the central isolated electrons in the J /ill sample. For the central electrons 

in z0 sample, the tight cut efficiency is 77.0 ± 4.6 %, &nd the loose cut efficiency is 

91.6 ± 3.0 %. 

For the plug electrons, only one cut parameter set is defined: 

• Had/Em 

Had/ Em < 0.055 + 0.00045 x Energy( GeV) 

• VTPC track matching 

6ri < 0.06 

• Lateral shower shape 

xix3 < 10 

• The CDF fiducial volume cut 

The efficiency of the isolated electron is estimated to be 91.2 ± 3.0 % from zo 
sample. In order to obtain the lateral shower xix3 cut efficiency &nd Had/Em 

cut efficiency, a good VTPC track is required. On the other h&nd, to get the 
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. VTPC track reconstruction efficiency, the Had/Em and X~xJ cuts are applied. The 

efficiency of each cut parameter is listed in Table 3.4. 

3.5.3 Electron cut efficiency study (Method 2) 

The Pt dependence and the isolation dependence of electron cut efficiency are stud-

ied more. 

The cut efficiency Pt dependence In order to obtain the cut efficiency Pt 

dependence, the study started from these assumptions. 

• The number of fake electron backgrounds in same sign pairs are the same as 

in opposite sign pairs, so that the difference between opposite sign pairs and 

same sign pairs come from real electron pairs. 

The cut efficiency has been calculated counting Nail/ before and after applying a 

cut. 

(3.9) 

where N.,, is the number of opposite sign pairs and N,.m,is the number of same 

sign pairs. 

Fig 3.9 shows the isolated electron pair cut efficiency as a function of dielectron 

invariant mass. This method works well only when the number of real electron pairs 

are dominated against backgrounds, so that the Pt dependence are calculated with 

isolated electron pairs first and isolation dependence are estimated at J /'JJ mass 

region. The cut efficiencies do not depend on the electron Pt so much. Only E/P 

cut efficiency becomes worse in the zo mass region because of the effect of radiative 

photon from decay electrons. 

The cut efficiency isolation dependence The isolation dependence of cut 

efficiency is calculated using J/il! sample. The same method is applied to the 
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dielectron pairs with the invariant mass between 2.8 and 3.2 GeV. Fig 3.10 shows 

the isolation dependence of several electron cuts. 

3.6 Backgrounds estimation 

3.6.1 Backgrounds for Drell-Yan electron pairs 

In this section, the background contaminations from the heavy flavor semileptonic 

decay and fake electrons from QCD jet in the isolated electron pairs are described. 

Then the backgrounds from Z -> TT -> ee process will be discussed. 

Overview 

There are mainly two kinds of backgrounds for our study. One comes from QCD 

jets. They are fake electrons or electrons coming from nonprimary vertex, i.e. the 

charged '1":1: and 11"
0 

overlapping, the interacting 11" and the gamma conversion. In 

order to reject charged '1":1: and 11" 
0 overlapping, E/P, Lshr, x :

1
.,, and a match 

between track and electromagnetic cluster centroid cuts are required for the central 

electrons. The X~x 3 and the VTPC track matching cuts are required for the plug 

electron identification. For rejection of interacting 11" the Had/Em and v 2 . cuts 
J A .tfrlp 

are used for the central electron identification and only the Had/Em cut are used 

for that of the plug electrons. In order to reject gamma conversions outside of the 

VTPC, the VTPC hit occupancy cut is applied. 

Other backgrounds come from the following physics processes: 

• semi-leptonic decay of heavy flavor quarks (b, c quark) 

• Z _, TT _, ee. 

Except for Z-> TT-> ee [147), these backgrounds are produced in jets [148], so 

that the isolation of electron candidates in the background events must be worse 

than that of Drell-Yan electrons. The background contamination is estimated from 
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the isolation distribution. The dielectron data sample is used to obtain Drell­

Yan production cross section. Since we are going to demand two isolated electrons 

(Im.., < 0.1) to calculate Drell-Yan cross section, the next section describes the 

background estimation in the sample of two isolated electrons. 

Backgrounds estimation for the central-central electron pairs 

The background estimation has been done for the central-central Drell-Yan elec-

tron pair measurements. It was estimated from Im= distribution. Especially, the 

background estimation is important in the invariant mass below 30 Ge V / c2 region, 

because backgrounds from QCD jets and heavy flavor semileptonic decays become 

large. Main systematic error comes from the uncertainty of this background esti­

mation. Fig 3.11 shows the Im= distribution of opposite sign pairs. A tight cut 

central electron and another loose cut central electron are required for these pairs. 

II 

The number of background events is estimated assuming "the shape of the iso­

lation distribution of backgrounds in the opposite sign pairs is equal to that of 

same sign pairs". In order to check whether this assumption is correct, the isola­

tion distribution of electron + muon events whose lepton candidates coming from 

heavy flavor semileptonic decay or QCD jet, has been looked at. Let's discuss these 

backgrounds separately. It must be a reasonable assumption that the number of 

the fake electron backgrounds is the same in the opposite pai1·s a.s in the same sign 

pairs. The question is: 

u Fig 3.12A shows the Im .. distribution for electron pairs with one tight and one loose cut electron. 
Fig 3.12B shows the Im .. distribution ror two tight cut electron pairs. And Fig 3.12C shows [(Fig 
3.12A ) - (Fig 3.12B )). According to the UAI paper [193], the ratio or opposite sign pairs and 
same sign pairs from heavy flavor decay is 5.5:1, so that Fig 3.12A still contains a lot of background 
in Im.. > .3, because the number of opposite/same sign pairs are same in this region, however 
the number of same sign pairs drops rapidly for isolated electrons relative to opposite sign pairs. 
Fig 3.l 2C means, even though tight cuts are applied to both electrons, the background rejection 
does not change a lot, but a lot or the signal is lost. The 'Tight cut + loose cut' coinbi11at.io11 i• 
thus used for the isolated electron study (Drell-Yan study) and 'Two tight cuts' are applied [or lhe 
nonisolated electron study (heavy ftavor study). 
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·whether the isolation distribution of the heavy flavor decay electrons 

is the same in the opposite as in the same charge pairs ? Because the 

physics process is different, the same sign pairs come from cascade decay, 

while the opposite sign pairs come from direct semileptonic decay from 

bb, cc. 

In order to look at the isolation distribution of leptons from heavy flavor decay only, 

tight cuts are applied to the both leptons. Fig 3.13 shows the isolation distribution 

of leptons in the electron+ muon sample compared with the tight cut electron pair 

sample. Fig 3.14 also shows the distribution from the bb ISAJET Monte Carlo 

generator [146] [149]. 

The big differences can not be seen in the isolation distribution between the 

opposite and same sign pairs so that it indicates that our assumption is reasonable. 

The number of backgrounds in Drell-Yan sample is estimated as follows, 

where 

N01 = DYl + BKl 

N02 = DY2 + BK2 

R = BK2 ,__ N,2 
l BKl N.i 

R? _ DY2 
- - DYl 

• N,1: The number of the same sign pairs in Im.., < 0.1 

• N,2 : The number of the same sign pairs in 0.1 < Imo: < 0.5 

• N01 : The number of the opposite sign pairs in Im.., < · 0.1 

• N02 : The number of the opposite sign pairs in 0.1 < Imaz: < 0.5 

• DYl: The number of the Drell-Yan pairs in Im= < 0.1 

(3.10) 

( 3.11) 

( 3.12) 

( 3.13) 
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• DY2: The number of the Drell-Yan pairs in 0.1 < Ima:i: < 0.5 

• BKl: The number of the background pairs in Im.., < 0.1 

• BK2: The number of the background pairs in 0.1 < Im.., < 0.5 

The N.\andN
02 

Gan be measured from real data directly, so that DYl, DY2, BI<l, 

BK2 can be calculated easily, if we know the value Rl and R2. 

DYl= 
1 

x(Rl·No\-N.2) 
Rl -R2 

(3.14) 

BKl = l x (-R2 · No1 + N.2) 
RI -R2 

(3.15) 

DY2 = R 2 
x (Rl ·No\ - N.2) 

Rl-R2 
(3.16) 

( 3.1 7) BIO= RI x (-R2 · N.1 + N.2) 
Rl-R2 

As discussed at section 3.2.4, for electrons from heavy flavor semileptonic decay, 

the isolation variable dose not depend on the electron Et, because we normalized it 

by the electron Et. In order to measure parameter Rl, the same sign pairs whose 

invariant mass is greater than 12 GeV are used. Fig 3.15 shows Im.., distribution 

of same sign pairs. Rl has been measured to be 32.25 ± 16.7 · 

Basically R2 is measured using both "real data" and 

,, Drell-Yan Monte Carlo (ISAJET) + The CDF detector simulation". We assume 

that underlying event activities are same in zo events and low mass Drell-Yan events 

Zo . 
(12 GeV /c2 < M < 75 GeV /c2). The Rl has been measured at mass region 

(75 GeV/c2 < M < 105 GeV/c2) using data, then it has been extrapolated 

into below zo mass region with Monte Carlo simulation. The Rl is roughly 100 

times bigger than the R2. Table 3.5 shows the background estimation of each mass 

region for ~;: measurement and Table 3.7 shows that of d~~~ IY=O measurement. 

Fig 3.16 shows the isolation distribution of Drell-Yan electrons in the simulated 

data for each mass region. 

68 CHAPTER 3. OFFLINE ANALYSIS 

In order to reject backgrounds, the isolation cut (Isolation < 0.1 ) is applied 

on both electrons for Drell-Yan measurements. The invariant mass dependence 

of isolation cut efficiency is estimated from this simulation data (Fig 3. l 7B). Fig 

3.17 A shows the invariant mass dependence of the backgrounds contamination, 

Backgrounds estimation for central-plug electron pairs 

The central-plug electron pairs are used to measure Drell-Yan process whose invari­

ant mass is greater than 40 GeV /c2 where the backgrounds are much smaller than 

that of below 30 Ge V / c2. The background estimation for the central-plug pairs 

has been done using Im.., distribution as well as the central-central electron pairs. 

Since Im.., is defined as the maximum isolation value of two electrons, the isolation 

variable should be defined as the plug and central electrons have similar isolation 

distribution. At first, the plug electron isolation is compared with that of central 

electrons. We demands one good electron in the central region and another loose 

cut electron in ·the central or plug electromagnetic calorimeter. Fig 3.18 shows 

the isolation distribution of the 2nd electron in the central or plug calorimeter in 

zo mass region (75 GeV /c2 < lvI < 105 GeV /c2). Since we can not measure 

the charge of plug electrons, these distribution contain both same and opposite 

sign pairs. From the isolation distribution of the 1st central electron, the num­

ber of background events in the central-plug electron sample are estimated. After 

subtracting these backgrounds, f is defined as, 

_ No.1 < 1101 < o.5 
f = --'--'---

N 110/ < 0.1 

The e of the plug electron is compared with that of the central electron. For the 

central electron, thee is determined to bee= 0.044±0.019 and for the plug electron 

f = 0.061 ± 0.022. These are consistent within an error so that we concluded the 

isolation distribution shows the same behavior in the plug as in the central region. 

The Im.., variable in the central-plug pair is defined as same as the central-central 
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. pair. Figs 3.19 show the I,,..% distribution at 40 GeV /c2 < M < 75 GeV /c2 

and 75 GeV /c2 < M < 105 GeV /c2• The expected number of backgrounds is 

tabulated in Table 3.6. In order to calculate the backgrounds, the shape of the 

isolation distribution of the backgrounds are asswned to be the same as that of the 

central-central same sign pairs, so that same Rl and R2 values are used. 

Backgrounds from zo -+ TT -+ ee 

In order to estimate the Z -+ TT -+ ee background contamination, the ISAJET 

Monte Carlo and the CDF detector simulation have been used. A total of 28.3 pb- 1 

is simulated and the expected number of backgrounds are subtracted from the data. 

Table 3.8 shows the number of estimated Z -+ TT -+ ee events in each mass bin. 

Backgrounds from J /IV and T 

The measurements of isolated electron pairs have been done for the pairs whose in­

variant mass is greater than 12 GeV /c2
, so that J /IV and T are not the background 

anymore. 

3.6.2 Backgrounds for heavy flavor semileptonic decay elec­
tron pairs 

Overview 

The backgrounds for the heavy flavor semileptonic decay are discussed in this sec­

tion. The backgrounds come from 

• Fake electrons 

• Dielectron production in Drell-Yan process 

• J/IV' T 

• Z -+ TT -+ ee. 
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Since both fake electron backgrounds and heavy flavor decay electron are not iso­

lated, the isolation distribution can not be used to distinguish them, so that the 

non-electron backgrounds are estimated using other methods. The dielect~on data 

sample 2 is used to measure dielectron transverse momentum distribution. In order 

to measure the Pt distribution of heavy flavor decay electrons, we demand that 

both electrons should have bad isolation, i.e. Isomoz > 0.1 to reject Drell-Yan 

dielectron production. The backgrounds estimation in this final sample is described 

below. 

non-electron backgrounds 

The background contamination has been studied with the E/P distribution of elec­

trons. The E/P distribution is divided into 2 part; REGIONl : (0.8 < E/P < 1.2) 

and REGION2: ( E/P < 0.8 or 1.2 < E/P < 1.5). REGION 1 is the signal dom­

inated region and REGION 2 is the background dominated region. The following 

parameters are defined: 

• Sl: The number of real electrons in REGION 1. 

• S2: The number of real electrons in REGION 2. 

• Bl: The number offake electrons in REGION 1. 

• B2: The number of fake electrons in REGION 2. 

• 01: The number of observed electrons in REGION 1. 

• 02: The number of observed electrons in REGION 2. 

01 = Sl +Bl ( 3.18)· 

02 = S2 + B2 =ax Sl + /3 x Bl (3.19) 



3.6. BACKGROUNDS ESTIMATION 

. where 
S2 

0 = Sl 

/3 = B2 
Bl 

71 

(3.20) 

(3.21) 

so that Sl and Bl can be calculated from observed 01, 02 if we know er and /3. 

( :: ) ~ p ~. ( ~. ~l )( ~: ) (3.22) 

The parameters er and f3 are calculated from real electron pair sample and fake 

electron sample respectively. 

The parameter "er" measurement The parameter "er" is determined by two 

methods. One method uses the nonisolated J /'11 sample and another uses opposite 

sign pairs and same sign pairs (Ref. section 3.5.3). In order to make J/'J! sample, 

tight cuts are applied to both electrons, so that total 165 opposite sign pairs and 3 

same sign pairs are left. Assuming the number of backgrounds in the opposite sign 

pair is equal to that of same sign pairs, the background contamination is estimated 

to be 1.8 %. From this sample, the parameter "er" is determined to be 0.056 ± 

0.011. 

This parameter "er" was also calculated by another method. We obtained the 

E/P distribution of real electron by subtracting the E/P distribution of the same 

sign pairs from that of opposite sign pairs. To make the opposite and same sign 

pair samples, tight cuts are applied to both electrons. From this methods, the 

parameter "er" is determined to be 0.062 ± 0.012. The parameter "er" measured by 

two independent methods is consistent within a error. Fig 3.20 and Fig 3.21 show 

the E/F! distribution of J /'11 and Nd;Jf sample. Since Et of electrons are required 

to be greater than 6 GeV and the track momentum is required to be greater than 4 

GeV /c, no bias is caused by offiine cuts in the E/P distribution in the region E/P 

< 1.5. 
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The parameter "fJ" measurement To get the E/P distribution of non-electron 

backgrounds, Lshr > 0.2 is applied to the 2nd electrons. At that time, we assumed 

the E/P dish·ibution is independent of Lshr variable. 

The parameter" fJ" depends on the source of backgrounds. If the interactive pion 

is dominant, the value "fJ" should be close to the value "er". On the other hand, if 

the 71"
0 , 7r*' overlapping is dominant, the "fJ" should be much smaller than "er". To 

get same backgrounds in our data sample for the inclusive electron Pt measurement, 

same kinematical cuts are applied, and the parameter "/3" is calculated from the 

E/P distribution of the sample. It was measured to be 1.38 ± 0.087 which is 22.5 

times bigger than the "er" of real electron sample. 

Backgrounds estimation check In order to check whether this method works, 

the number of backgrounds in J/'11 sample which was made requiring one tight and 

one loose cut electrons, is estimated by this method. One tight and one loose cut 

are applied in order to contain some backgrounds. After applying these cuts, 109 

opposite sign pairs and 11 same sign pairs were left. We assumed 11 out of 109 came 

from non-electron backgrounds, then the number of backgrounds are estimated from 

the E/P distribution for the 1st and 2nd electrons respectively. The 1st electrons 

were estimated to contain no backgrounds and the 2nd electrons were estimated to 

have 12.3 ± 3.3 backgrounds. This backgrounds estimation is consistent with the 

number of same sign pairs. 

Backgrounds estimation in the nonisolated pairs The number of back­

grounds in the nonisolated pairs is estimated with this method to calculate the 

electron Pt distribution from heavy flavor decay. For opposite sign pairs, it is es­

timated that 14 % of electrons come from non-electron backgrounds, so that 26 % 

(1-0.862 = .26) of pairs have at least one non-electron. On the other hand, it was 

estimated that the same sign pairs contained 31 % of non-electron backgrounds, so 
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· that 53 3 of the pairs are treated as backgrounds. The number of backgrounds for 

the same and.opposite sign pairs are consistent with each other. Further more the 

backgrounds contamination are estimated for cascade decay sample ( fit/> < 7f /2 

) and direct decay from b's ( fit/> > 7r /2 ). The background contaminations are 

estimated to be 6.1 3 for cascade decay sample and 14.5 3 for direct decay sample. 

Other backgrounds 

When we measure the Pt distribution of the heavy flavor decay electrons, .J /IJJ , Y 

have been subtracted using invariant mass of dielectrons. 12 Another background 

comes from DreU-Yan process. The DreU-Yan contamination has been estimated 

using both the CDF data and the Monte Carlo generator. The detail description is 

written in the section 3.2.4. 

i2The invariant mass 2.8 > M > 3.2 for J/~ and 9 > M > 12 for T events are subtracted 
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Chapter 4 

Results and discussions 

4.1 Drell-Yan and Z Production 

In this chapter, the discussion points are focused on zo and Drell-Yan production 

mechanism [1]. The outline of the analysis is as follows: The measured physics 

quantities are differential cross sections f~ and .;:Y of Drell- Yan electron pair 

production process. The final goal is the determination of I< factor and the study 

of parton distribution function behavior at small x region (0.0067-0.017). 

The production cross section measurement will be discussed first. A comparison 

is made of the result with theoretical predictions calculated using several parton 

distribution functions. The cross section can be written by the following formula in 

classical parton model [194][195][196]: 

As shown in above formula, the production cross section depends both on the I< 

factor and the parton distribution functions, so that the discussion will be clone 

from two points of view. First we assumed 

" The parton distribution function is correct, or is measured by ~n­

ether measurement, such as other deep inelastic experiment". Then we 

discuss whether the QCD higher order correction is a good approxima-

tion or not [44][204](205]. 

75 
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The second discussion starts from the assumption, 

The QCD perturbative calculation is good enough [206] [207] to ex­

plain the discrepancies between the lowest order Drell- Yan cross section 

calculation and the measured cross section [42][208] [209]. Then we 

looked at which pa.rton distribution function reproduces the data best. 

Since predictions for many important processes at hadron collider depend on reliable 

determination of parton distributions, these measurement take a very important role 

in the CDF experiment. Next, the properties of Drell-Yan dielectron production 

will be discussed [203]. First, the Pt distribution of the zo or virtual photon and 

second, the electron Pt distribution in the center of mass system, third the zo and 

virtual photon rapidity distribution and last the electron angular d" t "b t• · ' ~ n u ion 1n 

the center of mass system will be discussed. The comparison of Drell- Yan and heavy 

flavor dielectron production properties will be touched at the next section 

" B production [178][179][180] as backgrounds of Drell-Yan ". 

4.1.1 Cross section measurement 

Drell-Yan electron pair production cross section has been measured with the cli­

electron sample 1 adding Imor < 0.1 requirement. The kinematical acceptance, 

geometrical acceptance and CTC track reconstruction efficiency were estimated us­

ing the ISAJET Monte Carlo and the CDF detector simulation. A total of 30 pb-1 

Drell-Yan events were simulated in order to estimate the acceptances for several 

measurements. Fig 4.1 and Fig 4.2 show the geometrical + kinematical acceptance 

for the differential cross section measurement k.. and ~ I In ord t 
dM dMdr Y=O· er o mea-

th t . •'~ I . . sure e cross sec ion dMdY Y=o, p8.!rs m -0. 75 < Y < 0. 75 are used, where y is 

the rapidity of virtual photon. In order to calculate the Drell-Yan cross section, the 

following corrections were applied. 

• Electron offiine cut efficiency 
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• Geometrical acceptance 

• Level 1, Level 2 and Level 3 trigger efficiency (Pt dependent) 

• Kinematical cut efficiency (Pt threshold and isolation) 

• Backgroun~s subtraction 

• Calorimeter energy smearing 

• QCD correction for geometrical acceptance calculation. 

The calorimeter energy smearing effect has been estimated with the CDF detector 

simulation. Fig 4.3 shows the invariant mass distribution calculated from the event 

generation level kinematical variables and the simulated detector energy values. 

The rapidity distribution of virtual photon Y has been calculated including QCD 

diagram up to the 1st order of er,. The correction of the geometrical acceptance 

coming from this ambiguity was added only for the f~ measurement. Basically 

the geometrical acceptance was estimated with generated events using the EHLQ 

parton distribution function and " the lowest order Drell-Yan diagram + initial 

quark's gluon bremsstrahlung". 

Fig 4.4 shows the rapidity distribution of the virtual photon in generated events. 

Fig 4.5 shows the theoretical calculation of the rapidity distribution including only 

the lowest order and including up to the 1st order er, diagram [152][151](210]. The 

correction factor 

Car= ACC1 .... .,1 

- ACCi.t 

is plotted against invariant mass in Fig 4.6, where ACC,...., .. 1 is an acceptance cal­

culated with the lowest order and ACCi.1 is an acceptance calculated with the 1st 

order correct ion. 

The differential cross sections f:, and d;;;Y IY=O are measured respectively. 

For the f:, measurement, in order to check the consistency between the central 
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-central pair cross section and the central - plug pair cross section, it was measured 

individually at first. Fig 4.7 shows the Drell-Yan differential cross section which is 

calculated using only the central-central or the central-plug electron pairs. The two 

cross sections are consistent within the error, so that both data sets were combined. 

Fig 4.8 shows the differential cross section :Z, with some theoretical calculations 

which include the QCD correction up to the 2nd order of er, . Table 4.1 shows 

the differential cross section and the systematic and statistics errors in each mass 

region. In order to calculate the zo cross section, the differential cross section was 

integrated from 75 GeV /c2 to 105 GeV /c2 [185][186]. 

The cross section of the zo is 

q = 205.5 ± 13.8 (sta) ± 16.0 (sys) ± 15.4 (!um) 

Fig 4.9 shows the minimum and maximum cross sections obtained by trying different 

parton distribution functions. The parton distribution functions used to calculate 

the Drell-Yan production cross sections a.re EHLQ set 1, EHLQ set 2 [169], Duke­

Owens set 1, Duke Owens set 2 [170], DLFM set 1, DLFM set 2, DLFM set 3 [173], 

HMRSE, HMRSB [171](172]. 

In the 12 GeV /c2 < M < 30 GeV /c2 region, HMRSE gives minimum cross 

section and DLFM3 gives maximum cross section. The measured cross section 

is middle of these predictions. Fig 4.10 shows the QCD correction, for example 

compton or annihilation diagrams, to the Drell-Ya.n calculation [150j. After adding 

QCD correction to Drell-Yan cross section calculation, the theoretical prediction 

closed to the data. The detail discussion will be done in the next section. 

Fig 4.11 shows d~;Y IY=o with some theoretical calculations (the lowest order 

calculation) [151][152](210). In this plot, especially the cross section.12 GeV /c2 < 

M < 30GeV /c2 is important. In this region, the cross section is measured using 

1 Fig 4.7 dose not include energy smearing correction. 
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. -0.75 < Y < 0.75, where Y is the rapidity of virtual gamma. And the distribution 

of Y is assumed to be fiat in -0.75 < Y < 0.75. This assumption is reasonable 

from both theoretical point of view and experimental result. Fig 4.35 shows the 

measured parent virtual photon rapidity Y distribution with theoretical prediction 

in the mass region 15 GeV /c2 < M < 40GeV /c2• For above 40 GeV /c2 invariant 

mass pairs, the correction was added using theoretical calculation including up to 

the 1st order QCD diagram. The difference between the mean cross section in 

-0.75 < Y < 0.75 and dt;;Y IY=o is 0.4 - 3 3. Table 4.2 shows the correction 

factor in each mass region. 

Fig 4.12 shows the CDF measurement M 3 d~;Y IY=o in comparison with UAl 

data and first-order theoretical predictions [151][190][193]. Table 4.3 shows the 

cross section and systematic and statistics error in each mass region. The theoretical 

prediction is consistent with the measured cross section within the error. In order to 

calculate M3 d~;Y IY=o from d~;Y IY=o for each mass bin, the following corrections 

are added. 

• The value M was taken the middle of each mass bin. 

• Calculate differential cross section in the lowest order diagram, then calculate 

the cross section weighted mean mass value M. 

• The correction factor E is defined by 

da . da ~ 1 
E::(dMdY'Y=D,M=m)/(dMdY'Y=0,1 =m 

• Then multiply e to the measured cross section. 

4.1.2 · Scaling 

The scaling has been also observed and compared with several previous measure­

ments in pp (rather than pp) collisions. The cross section M3 d;;;Y IY=O is plotted 
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as a function of the scaling variable [341(189) ..jT = M •• / ..fi in Fig 4.13. Compared 

with the previous experiment result, the CDF experiment measured the cross sec­

tion down to much lower ..fT than measured before. In these small x region, sea 

quark and gluon contributions are dominant to valence quarks, so that we can com­

pare pp data ·with pp experiment result for scaling discussion. When we ignore the 

parton distribution function Q2 dependence, the differential cross section becomes 

the function of Y and ../T, and if we fix Y=O, the cross section has to depend on 

../T only, and should not depends on ,/3 of each experiment. However, because of 

gluon bremsstrahlung of initial partons, the scaling should be violating. The scaling 

violation has been predicted by QCD, although it was difficult to prove it clearly, 

because it has been difficult to get large ,/3 collisions. 

Let's start the discussion of scaling. Fig 4.13 shows the differential cross section 

· M
3 dt;;Y IY=O· When we look at the data only, the scaling seems to be valid. 

Although the center of mass energy of the CDF experiment is 30-60 times bigger 

than that of !SR energy ( ,/3 =28, 53 and 68 GeV), the cross section seems to 

connect smoothly with each other. 

In order to have detail discussion, they are compared with theoretical predictions 

of two different ,/3 in pp and pp collisions. Fig 4.14 shows M 3 ...d!.L. jy 
0 

with the dMdY = 

cross section predictions of pp and pp at Js= 63 and 1800 GeV. In the small ,jT 

region measured by CDF, the difference between pp and pp data is expected to be 

small, i.e. the sea quark and gluon contribution is dominant. But in the large ,jT 

the cross section of pp drops faster than that of pp ... This indicates that the valence 

quark contributions become large in this region. The difference of the cross sections 

between ,/3=63 GeV and ,/S= 1800 GeV comes from Q2 dependence of the pa.rton 

distribution and indicates scaling violation. 

Comparing the data with these prediction, 

• The pp data of !SR energy region has a good agreement with theoretical 
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expectation at JT > 0.06. 

• The CDF data has a good agreement with theoretical prediction of JS=l800 

GeV in 0.006< ,/T <0.02. 

• In the 0.02< ,/T <0.06, pp data tends to show larger cross section than 

theoretical expectations. 

When we extrapolate JS=63 GeV data into ,/T < 0.02 using theoretical calculation 

and compared it with our data, you can see that the CDF data has a good agreement 

with theoretical prediction of ../S = 1800 GeV, but almost twice as big as ../S = 63 

GeV prediction. It agrees with ../S = 1800 GeV prediction well, but dose not fit 

that of ..JS = 63 GeV at ,/T < 0.02. On the other hand, ISR experiment data 

reproduces ../S = 63 GeV prediction well, but dose not fit that of ..JS= 1800 GeV 

at ,/T > 0,06. This is one of the proof of scaling violation. 

4.1.3 K factor 

The theoretical K factor calculation [202) has been done including up to the 2nd 

order diagram. 2 [150][197)(198)(199] [200][201] Fig 1-2 shows the lowest order 

diagram and some of the 1st order diagram, and Fig 4.15 shows some of the 2nd 

order diagram. In this calculation, the standard model parameters were set as 

shown in Table 4.4. The calculation has been done using several parton distribution 

functions. 

The K factor in the theoretical calculation was defined as 

and 

where 

2This ct.lculation has been done using the DIS ocheme. 
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• u0 .= The cross section including only the lowest order diagram 

• u 1 = The cross section including up to the 1st order diagram 

• u 2 = The cross section including up to the 2nd order diagram · 

Fig 4.16·shows the theoretical prediction of the K factor as a function of the invari­

ant mass of lepton pairs. Numerically the K factor doesn't depend on the parton 

distribution function in the theoretical calculation. It is 1.2 including the 1st order 

diagram and 1.4 including the 2nd order calculation. Table 4.5 shows the contri­

bution of each process. Fig 4.17 shows Y dependence of !((I) factor. I<'1l factor is 

almost constant, but decrease a little in the large Y region. 

The I< factor in the experiment was defined as 

and 

where 

<r• 
Ko = O'y=o 

erp - O'~=O 

• u•r• = Measured cross section 

So K.r, depends on the parton distribution function used to calculate the lowest or­

der diagram. In order to measure K.r,, another correction has been added. Fig 4.18 

shows the rapidity distribution of the parent virtual gamma calculated by several 

parton distribution functions at an invariant mass of 12.5 GeV /c2
• Since the longi­

tudinal momentum of the parent virtual photon depends on the parton distribution 

function, the geometrical acceptance calculation depends on the parton distribution 

function. This ambiguity was taken as a systematic error when we discussed about 

the cross section, however, when we discussed the K factor, these differences were 

not taken as a systematic error, because the K factor assumes one of the strncture 
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functions. Fig 4.19 and Fig 4.20 show the relative geometrical a.nd kinema.tica.l 

acceptance a.s a. function of invariant mass. EHLQl was ta.ken a.s a. reference. 

Finally K.:i> is plotted a.s a. function of invariant ma.ss a.ga.inst several pa.rton 

distribution functions. Fig 4.21 shows K..," and Fig 4.22 shows K~:rp· Now, let's 

start the discussion from two points of view. The first discussion is " whether 

the QCD higher order correction is a. good a.pproxima.tion or not". The recent 

deep inelastic scattering experiment [171] [172] measured the pa.rton distribution 

function down to x = 0.07 ~ 0.08 a.t Q2 == 20 Ge V2 • Fig 4.24 shows F~" measured 

in BCDMS ([171]). Using these da.ta., the structure function in the zo mass region 

is estimated. Since measured x region in the deep inelastic scattering experiment 

is close to tha.t of zo, the ambiguity of the estimated structure function should be 

sma.11, so tha.t the pa.rton distribution function dependence of the lowest order cross 

section calculation is small. For this discussion, in order to reduce the statistical 

error, the following item wa.s assumed, 

• K factor is constant in the invariant mass region 

75 GeV /c2 < M < 105GeV /c2 • 

The Ke:rp has been determined using the lowest order cross section calculated by 

integrating over the region 75 Ge V / c2 < M < 105Ge V/ c2 against several pa.rton 

distribution functions. Table 4.6 shows the K.:rp factor in this region. And Table 

4.7 shows the K~,." factor. From this ta.hie, you can see that K factor is almost 

consistent with theoretical predictions. 

The next discussion point is the behavior of the parton distribution function. 

The pa.rton distribution function differences a.re much more distinct in the low mnss 

region. For this discussion, we ma.de the following assumptions. 

• the K factor measurement in zo region is correct. 

• the K factor behaves as theoretical prediction, i.e. it is almost constant in the 
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ma.ss region 10 GeV /c2 < M < 105GeV /c2 

From Figs 4.22 and 4.23, the K!" factor calculated with HMRSE, HMRSB is fairly 

fla.t in this mass region. On the other ha.nd, DFLM a.nd 002 tend to overestimate 

the low ma.ss Drell-Ya.n croBS section. These results a.re consistent with the W 

a.symmetry measurement [162] [163] [164]. 

4.1.4 The properties of the Drell-yan process 

The Pt distribution of the parent gamma or zo 

The Pt distribution of the pa.rent zo [188] or virtual photon is measured in the 

-0.75 < Y < 0.75 region, where Y is the rapidity of the zo or virtual photon. 

The measurement is done in the four invariant ma.ss regions, 15 GeV /c2 < NI < 

25GeV/c
2

, 40 GeV/c
2 < M < 75GeV/c2 and 75 GeV/c2 < M < 105GeV/c2 • For 

the first two ma.ss regions, only the central-central electron pairs were used and 

for the la.st two ma.ss regions, the central-plug pairs were added. In order to check 

whether there is any discrepancy between these two samples, the Pt distribution 

ha.s been measured for ea.ch. Fig 4.25 shows the Pt distribution of the la.st two mass 

regions calculated only with the central -central pairs and only with the central­

plug pairs. The two cross sections a.re consistent within the errors, so that they 

were combined. Fig 4.26 shows the Pt distribution of ea.ch mass region, ( Pt has 

been measured by calorimeter information.) and a comparison with a Monte Carlo 

genera.tor and theoretical calculation [187]. A total of 250, 000 events were generated 

with the Pa.pa.gene Monte genera.tor. The background subtraction has been done 

by the following procedure: 

• Estimate the number of background events in ea.ch mass region from the 

isolation distribution. 

• Look at the Pt distribution of nonisola.ted electron pairs, in order to see the 

Pt spectrum of the background. 
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• After nonnalization by the number of background events in each mass region, 

the background Pt spectrum was subtracted from the data. 

This procedure was used for other physics measurements also. The inclusive Pt 

distribution is shown in Fig 4.27 (Invariant mass > 0.5 GeV /c7 ) and compared to 

the ISA JET Monte Carlo generator. The data are all consistent with the theoretical 

prediction. 

The Pt distribution of electrons 

The electron Pt distribution in the dielectron center·of·ma.ss system has been mea-

sured. Fig 4.28 shows the electron Pt vs. rapidity of the parent virtual gamm!\ or 

zo in Monte Carlo events. Since the CDF central det_ector covers only IT/• I< 1.0, 

the detectable Pt range depends on invariant mass. For example we can measure 

electron Pt down to 25-30 GeV /c in 15 GeV /c1 < M < 25GeV /c\ but down to 

4-5 GeV /c only in the zo mass region. The measurement has been done in three. 

mass regions, 15 GeV/c7 < M < 25GeV/c1
, 25 GeV/c1 < M < 40GeV/c7 and 75 

GeV /c2 < M < 105GeV /c1
• Fig 4.29 shows the generated electron Pt distribution 

and the accepted electron Pt distribution. From these plots, you can recognize that 

the measurable Pt region is very small, so that the mean Pt distribution depends on 

the Monte Carlo generator a lot if we discuss the Pt distribution in the complete 17. 

range. In order to reduce this uncertainty, the Pt distribution in T/• < 1 is also mea· 

sured. T/• is the electron pseudorapidity in the center of mass system. The central­

plug electron pairs were used only for the measurement of Pt over all 11. for the mass 

range 75 Ge V / c2 < M < 105Ge V / c2• The consistency between the central-central 

and the centre.I-plug samples was checked in Fig 4.30, Fig 4.30 shows the electron Pt 

distribution calculated with the central-central and the central-plug pairs individu­

ally. Although the measurable Pt region is different, both cross sections agree in the 

overlap region. Fig 4.31 shows the geometrical acceptance of the electron Pt mea-
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surement. Fig 4.32 shows the Pt distribution in each mass region with theoretical 

predictions. The theoretical predictions are calculated with ISAJET Mo~te Carlo 

(the Lowest order). Then K factor 1.4 is multiplied to C:,btain the cross sections 

do- /dPt. The background subtraction is done using the same procedure described 

in the previous chapter. Except for the 25 Ge V / c1 < M < 40Ge V / c1 region, the Pt 

distribution is consistent ~ith the expected value. The disagreement in the region 

25 GeV /c1 < M < 40GeV /c1 will be discussed later. 

Fig 4.33 shows the mean Pt distribution as a function of invariant mass. It is 

compared with the Papageno generator. 

The parent particle angular distribution 

The rapidity distribution of the zo or virtual photon is measured in the two mass 

regions 15 GeV/c2 < M < 40GeV/c1 and 75 GeV/c2 < M < 105GeV/c2
• The 

rapidity of the z0 or virtual photon is defined as 

where 111 and 112 are the pseudorapidities of the electrons. Fig 4.34 shows the ge­

ometrical acceptance as a function of Y in the two mass regions. The rapidity 

distribution of the parent particle is shown in Fig 4.35 with the theoretical expec­

tation in the two mass regions (210]. 

Produced electron angular distribution 

The electron angular distributions are measured in the center of mass system. In 

order to calculate the polar angle in the center of mass system, both initial partons 

are assumed to have the same Pt, so that the angles are .measured against the 

beam. The measurement is done in two invariant mass regions 15 GeV/c2 < M < 

40GeV /c2 and 75 GeV /c2 < M < 105GeV /c2• Because of the trigger threshold, 

the plug electron is used only for the z0 mass region measurement. Fig 4.36 shows 
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the angular distribution for each mass region. The forward backward asymmetry is 

shown clearly ·in the z0 mass region. (153)(154)(155)(156][157] [158](159](160)[161] 

4.2 B production as backgrounds of Drell-Yan 

The dielectrcin d~cay from b and c quarks has been studied as backgrounds of the 

Drell-Yan process. In this chapter, the differences in the properties of Drell-Yan 

and heavy flavor dielectron production are discussed (189)(191)(192]. The dielectron 

sample 2 (Heavy flavor samples) are used for this study. 

4.2.1 Inclusive dielectron Pt distribution 

The inclusive dielectron Pt distribution has been measured in the rapidity region 

T/• < 1.0. The number of non-electron backgrounds are estimated from E/P distri­

bution of electrons in the sample and these backgrounds are subh·acted from the 

data. Fig 4.37 A shows the inclusive di-electron Pt distribution of opposite sign pair 

above 6 GeV /c. In order to calculate the Pt distribution in laboratory system, the 

following corrections were applied. 

• Electron offiine cut efficiency 

• Geometrical acceptance 

• Level 1 and Level 2 trigger efficiency (Pt dependent) 

• Kinematical cut efficiency (Pt threshold and isolation) 

• Backgroun<;ls subtraction 

The so~rce of these electrons are J /'ii , biiandcc leptonic decay, Drell-Yan, zo and i . 

In order to reduce non-electron background contamination, tight cuts were applied 

to both electrons and if both electrons satisfied the cuts, two entries were added 

to the histogram. The background contamination has been estimated to be 26 % 
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for opposite sign pairs and 53 3 for same sign pairs. The number of background 

events are same in opposite and same sign pairs, but S/N ratio is different. For 

this analysis, only the central calorimeter was used. The~ the Pt distribution was 

measured process by process. Fig 4.37B shows the Pt distribution of Drel!- Yan 

electrons. The backgrounds from heavy quark leptonic decay, J/Y! and i were 

subtracted. The Drell-Yan electron Pt spectrum are calculated as follows: 

• Require both electron T/e should be in -1 < T/e < 1 

• Require Im.., should be less than 0.1 

• Estimate backgrounds from heavy flavor semileptonic decay and fake electron 

using Im.., distribution and subtract them from the data. 

• The isolation cut efficiency are calculated from Monte carlo simulation ( cor­

rected by efficiency in the zo mass region) 

Fig 4.37C shows the J /'ii decay electron Pt distribution, and Fig 4.37D shows the 

i decay electron Pt distribution. These two samples are defined as follows. 

• Require both electron T/e should be in -1 < T/ < 1 

• The invariant mass is 2.8 GeV /c2 < M < 3.2GeV /c2 are defined as J /YI , and 

9 GeV /c2 < M < llGeV /c2 is defined as i. 

Finally heavy flavor semileptonic decay electron Pt spectrum is measured. For 

heavy flavor semileptonic decay, electrons were separated into two criteria using 

the opening angle in the azimuthal plane, d¢ < ?r /2 and def> > ?r /2. The former 

comes from mainly cascade decay (diagram Fig 4.38 ) and ~the latter comes from 

direct decay from bb (diagram Fig 4.39 ). In addition to the standard corrections, 

the Level 2 trigger inefficiency correction was applied for small opening angle pairs. 

As discussed in the 'Trigger' Chapter, because of the size of the trigger tower, the 
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. level 2 trigger is inefficient for small opening angle ele<;tron pairs. The opening angle 

dependence of the offiine EM clustering inefficiency was also studied with a bb Monte 

carl.o Generator and the CDF detector simulation. Fig 4.40 shows the efficiency as 

a function of opening angle. Using these corrections, the Pt distribution of heavy 

flavor decay electron was measured as follows: 

• Require both electron 1le should be in -1 < 1le < 1 

• Require I.,.u should be greater than 0.1 (reject Drell-Yan backgrounds) 

• The invariant mass should be greater than 0.5 GeV /c1 . 

• opening angle dependence efficiency corrections are applied 

• J/ifl and T backgrounds were subtracted from this sample requiring invariant 

mass is outside of J/w and T mass region. 

• Drell-Yan background contamination is estimated after applying I .... ., > 0.1 

cut using Monte carlo data.. Then it is subtracted from the data. 

Fig 4.37E shows the opposite charge and same charge pair Pt distiibutions. 

Fig 4.37F shows the dielectron Pt spectrum of dt/J > ir /2 samples, and dt/J < ir /2 

samples. Fig 4.41 shows the invariant mass distribution of this nonisolated electron 

pairs. J /if! and T have been already subtracted. If the opposite sign electron 

pairs with the small opening angle come from cascade decay, the invariant mass 

are limited kinematically to be less than 5.2 GeV /c1 which is the mass of b qu1U·k. 

Fig 4.42 shows the invariant mass distribution of dt/J < ir /2 samples. From Fig 4.42, 

som.e events with the invariant mass greater than the mass of b quark can be seen, 

which may come from gluon splitting. 

Fig 4.43 shows the 1st electron and the 2nd electron Pt distribution, process 

by process. ·We can see the effect of the neutrino in the nonisolated electron pair 

sample, i.e. the 1st and 2nd electron Pt distribution is almost the silmc in isolated 
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pairs, b1.1t the 2nd electron Pt distribution drops faster than that of the 1st electron 

in non-isolated pairs. 

4.2.2 Decay properties 

. The dec.ay properties are studied for isolated and nonisolated electron pairs. 

Fig 4.44A shows the s"q, distribution for Drell-Yan events. As in the previous 

chapter, heavy flavor leptonic decay backgrounds have been subtracted. Fig 4.44B 

shows the Sq, distribution of the opposite sign and nonisola.ted electron pairs (the 

Drell-Ya.n contamination was subtracted). Two kinds of decay properties a.re ob­

served in the plot, i.e. the direct leptonic decay from bb and the cascade decay. 

Fig 4.44C shows the same sign electron pair 5 t/J distribution. Fig 4.45A, B and C 

show the correlation between the Pt of the two electrons. The Pt imbalance of the 

two electrons is observed clearly only in nonisolated electron pairs. In order to see 

the Pt unbalance, we required the 1st electron Pt should be greater than 12 GeV /c. 

Since we demands both electrons should have Pt > 6 GeV /c, Pt2/Ptl has no bias 

down to Pt2/Ptl> 0.5, where Ptl and Pt2 are the Pt of the 1st and 2nd electrons. 

4.2.3 Comparison with electron + muon sample 

The same analysis has been done on an electron + muon sample. In order to reduce 

backgrounds, tight cuts were applied to both the electron and muon with no trigger 

requirement. Other cuts were as same as for the dielectron analysis. Fig 4.46A 

. and Fig 4.46B show the opening angle distributions of the same charge pairs and 

opposite charge pairs, respectively. The electron - muon Pt correlation is plotted in 

Fig 4.46C, Fig 4.46D; the Pt imbalance can be seem very well. 

4.2.4 Jj\f! and i production 

Since the dielectron trigger Et threshold was set to 5 GeV /c for the central calo1fo1e­

ters, only high Pt J/ifl 's are detectable in dielectron decay mode. Fig 4.47C shows 
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the observed J/'I! mass distribution, Fig 4.48B shows Pt distribution, opening 

angle distribution a.re shown in Fig 4.48A and decay electron Pt distribution is 

Fig 4.48C (165](166)[167](168]. The T and T ' are also detected clearly. Fig 4.47 A 

shows the observed T mass distribution, Pt distribution (Fig 4.49B), opening angle 

(Fig 4.49A) and decay electron Pt distributions (Fig 4.49C) are also shown. These 

distributions were all calculated using track momentum information. 

The track momentum resolution in this region is 0.0017 x Pt1 = 0.04 · 0.2 

(GeV/c)1. From the J/'I/ sample, we can see radiative effects such as a tail in 

the negative direction. Fig 4.4 7D is the J /'II mass distribution calculated with 

calorimeter information. The energy resolution of this momentum region is E 

x Jo.0171 + 0.0131 /Et = 0.3 · 0.45 GeV. Compared with the tracking mass dis­

tribution, the mass distribution calculated with calorimeter tends to have a tail in 

the positive which may indicate J /'II 's from the x state, because one of electrons 

can accompany the photon from Xe decay in the same calorimeter tower. 

4.3 Exotic event candidates 

4.3.1 High Pt and High mass events 

In the dielectron sample, there are some interesting even.ts which have very high Pt 

or very large invariant mass. Table 4.8 is the list of those events. Though these 

events a.re not statistically significant, they will be one of the interesting topics in 

future runs. The selection criteria are: 

• The central-central electron pair 

• At least one electron should satisfy tight electron cuts 

• Invariant Mass > 150 GeV /c1 or Pair Pt > 150 GeV /c, or High Pt T ( Pt 

> 50 GeV/c) 
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One of the interesting physics aspects from this sample is the existence of high Pt 

T . There are two high Pt T with values of Pt around 90 and 120 GeV /c. B~th 

electron pairs have reasonable electron quantities. Fig 4.50 shows observed the y Pt 

distribution. Since these two events are far from the continuum of T Pt, they may 

come from different physics process. For example reference [184) mentioned that 

high Pt T indicates the existence of axigluons. 

4.3.2 The possibility of a new particle 

The Drell-Yan mass spectrum agrees with the theoretical prediction well, except for 

mass region 30 - 35 GeV /c1 region. The K factor becomes large in this region and the 

isolated electron Pt distribution has also an excess around 16 GeV /c (Fig 4.51) and 

only isolated electrons show this behavior. Although more statistics are necessary 

to treat this peak as physics, if it indicates the existence of a new particle th . . , e c1oss 

section times e+ e- branching ratio is around 3 ± 2 pb . 
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Conclusions 

The Drell-Yan production mechanism and its QCD correction have been studied 

with a dielectron sample obtained by the p p collision at ,/S =1800 GeV. The 

differential cross section was measured in the invariant mass region from 12 GeV /c2 

to 105 GeV /cl and the scaling property was compared with other pp, pp experiment. 

results. Followings are main conclusions in this analysis. 

• The Drell-Yan cross section times branching ratio (-y" __. e+ e-), d";I' d/}i~l', at 

Y =0 have been measured down to M = 12 Ge V /cl. Recent deep inelastic scat­

tering experiments measured parton structure function down to x=0.1, thus 

our low mass Drell-Yan cross section measurement is the first measurement of 

the parton structure function in the smaller x region. The cross section J.i~l", 

at Y=O in the low mass region is 8.05±3.0 ± 1.69(pb/GeV) for 12-15 GeV /c2 , 

4.34±0.98 ± 0.50 (pb/GeV) for 15-20 GeV /c2
, 1.87±0.59 ± 0.27(pb/GeV) for 

20-25 GeV/c2 and 0.82±0.40 ± 0.13(pb/GeV) for 25-30 GeV/c2
• The first 

error comes from statistics and the second cqmes from systematic error. The 

other uncertainty comes from luminosity calculation, which is approximately 

7%. The parton distribution function from the latest deep inelastic sciitteriug 

experiment, HMRSB with the QCD higher order correction reproduces the 
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data well. 

• The K,"" factor was calculated on the basis of the measured cross section and 

several parton distribution functions, then compared with a 2nd order QCD 

calculation. Because the uncertainty from the parton distribution function 

is small in the zo mass region, the Kup factor has been calculated in that 

range at first. Assuming the HMRSB parton distribution function, it has 

been measured to be 1.53 ± 0.4. 

• Then the behavior of parton distribution function in the low mass region was 

discussed assuming the K~%J> factor measured in zo mass region. 

HMRSE and HMRSB parton distribution functions reproduce the data well. 

That is consistent. with the result from W decay forward-backward asymmetry 

measurement (162] [163] [164]. 

• The properties of the Drell-Yan process are studied. The P1(<c)>P1(<) at the 

center of mass system, i( .. iand71. are measured and compared with theoretical 

predictions. Each property agrees within the calculated experimental uncer­

tainties. 

• The properties of Drell-Yan dielectron production were compared with those of 

heavy flavor leptonic decay. There are distinctive differences between the two 

specifically in the opening angle distribution and the electron Pt unbalance. 

• J/ifl, T and T 'dielectron decays are detected clearly in the dielectron decay 

mode. It indicates the ability of the CDF detector for identification of low 

momentum electrons. 

• For the dielectron sample, the electron Pt distribution in the laboratory frame 

was obtained for the inclusive electrons and electrons from each process of 
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Drell-Yan, heavy flavor leptonic decay, J /i'fl and T productions from G GeV /c 

in the '7c < 1 region. 
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Group Beam and target v'S (GeV) K • .,,, 
Ba.dier et a.I (1980) (NA3) (p - p):Pt 150 2.3 :!:: 0.4 
Ba.dier et al (1979) (NA3) p:Pt 200 2.2 ± 0.4 

Iso et al (1981) (CFS) p:pt 300/400 i.r:g:~ 
Antreasyan et al (1981) (CHFMNP) p:p 44,63 1.6±0.2 

Smith et al (1981) (MNTW) p:W 400 1.6±0.3 
Kourkoumelis et .al (1981) p:p 44,63 1.7± 

Lefrancois et al (1980) (NA3) 71'-;pt 200 2.2 ±0.3 
Lefrancois et al (1980) (NA3) 71'+:pt 200 2.4 ±0.4 
Lefrancois et al (1980) (NA3) 71'- - 71'+:pt 200 2.4 ±0.4 

Annassontzis et al (1982) (AFMcMs) E-537 p: W,Cu,Be 125 2.25±0.45 
ADnassontzis et al (1982) (AFMcMs) E-537 71'-:W,Cu,Be 125 2.5±0.5 

Corden et al (1980) (Omega.) 71'-:w 40 2.45 ±0.42 
Corden et al (1980) (Omega.) 71'+:w 40 2.52 ±0.49 
Corden et a.I (1980) (Omega.) (71'- -11'+):W 40 2.22 -+-0.41 

Table 1.1: The list of K determin d b . . · .,..,. e Y preVlous e."<penments 

Cut para.meter Central Central Plug 
tight cut Loose cut cut 

Ha.cl/EM <ABW <ABW <ABW 
Good track > l(CTC) > l(CTC) > l(VTPC) 

CDF fiducial volume cut On On On 

Ls hr <0.2 <0.2 ... 
E/P <1.5 ... ... 

Strip x' <10 ... ... 
CTC track matching I 5Z I <3cm • • 
CTC track matching I 5<P I <l.5cm • ... 

VTPC hit occupancy >0.2 >0.2 ... 

VTPC track matching I OT) I * * <0.06 
Lateral shower.profile x5x3 * * <10 

Table 3.1 Two kinds of cut parameter sets, 'tight cut parameter set' and 'loose cut pa­
ra.meter set' are defined for the central electron identification. For the plug electron, only 
one parameter set is defined. ABW means 0.055+0.00045 x ( Energy of EM cluster). 

The cut parameter Applied cut 
Central electron 

Had/EM E/P, I oz 1.1 sx I. VTPC 
Ls hr E/P, I oz I, j 5X I, VTPC 
E/P Lshr, Ha.cl/EM, I SZ I, I oX I, VTPC 

Strip x' E/P, I 5Z 1. 1 sx 1. VTPC 
CTC track matching I 5Z I Lshr, Had/EM, E/P, VTPC 
CTC track matching I 5<P I Lshr, Ha.cl/EM, E/P, VTPC 

VTPC hit occupancy Lshr, Had/EM, E/P, I oZ ,, 1 sx I 
Plug electron 

Had/EM VTPC track matching I 5TJ I 
VTPC track matching I 5TJ I Lateral shower profile x5x3, Had/EM 

Lateral shower profile xL. VTPC track matching I OT) I 

Table 3.2 In order to determine the cut value for each cut parameter, it is neccesary to see 
the distribution of each cut parameter of pure electrons. To get pure electron sample, the 
electron pairs whose invariant mass is in J/'ll and zo mass region are used and other 
cut pnrameters which are independent of the cut that we talk about, are applied. The 
table shows which cuts are applied to study each cut efficiency 

I 14 



Cut parameter J /VI (Isolated) J /VI (Nonisolated) zo (Isolated) 
Ls hr 99.l ±1.5 89.5 ±2.4 96.9±1.7 

Had/EM 100.0±0.2 96.3 ±1.5 96.9±1.7 
Strip x2 90.8 ±5.0 93.5 ±1.9 90.6±3.0 

• E/P 100.0±0.2 100.0±0.2 96.9±1.7 
VTPC hit occupancy 98.3 ±2.2 96.1 ±1.5 97.9±1.6 

CTC track matching ox 96.7 ±3.1 99.0 ±0.7 99.0±1.0 
CTC track matching oz 100.0±0.2 100.0±0.2 99.0±1.0 

Tight cut para.meter sets 85.7 ±6.0 74.3 ±3.4 77.1±4.9 
Loose cut parameter sets 96.6 ±3.0 83.8 ±2.9 91.7±2.9 

Table 3.3: The central electron identification efficiencies calculated by rnethode 1. The 
efficiencies for high Pt electrons are calculated with the zo sample, and the J/VI 
sample is used for low Pt electrons. 

Cut parameter z0(Isolated) 
Ha.d/EM 100±0.2 

Lateral shower profile X3x3 95.1±1.9 
VTPC Hit > 0.6 92.6±2.4 

VTPC track matching I T/ I< 0.06 91.8±2.5 
VTPC track matching I <P I< 0.06 90.1±3.2 
VTPC track matching I¢ I< 0.06 85.5±4.0 

+ I.,., I< 0.06 

Table 3.4: The plug electron identification efficiencies calculated by methode 1. The effi­
ciencies are calculated with zo sample. There is a big cor.relation between VTPC T/ and 
<P matching so that if VTPC T/ matching is good, ¢i matching efficiency is 93 ± 2.9 3.) 
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Mass Estimated Opposite Opposite Sa.me Sa.me 
backgrounds sign pair sign pair sign pair sign pair 

I.,.a., < 0.1 0.1 < I,,.u- < 0.5 I,,.u < 0.1 0.1 < r .... ., < o.5 
12-15 1.99 14 63 1 44 
15-20 2.80 32 99 0 60 
20-25 1.15 16 48 2 25 
25-30 0.37 9 11 0 13 
30-40 0.41 17 18 1 8 
40-60 0.22 9 5 0 5 
60-75 0.0 6 3 0 0 
75-80 0.0 1 1 0 0 
80-85 0.0 10 2 0 0 
85-90 0.0 38 1 0 0 
90-95 0.0 45 0 0 0 

95-100 0.0 14 1 0 0 
100-110 0.0 2 0 0 0 

110< o.o 2 2 0 0 

Table 3.5 : The backgrounds estimation for Drell-Yan process has been done with the 
isolation distribution of electrons. The table shows the number of opposite and same 
sign isolated electron pairs (I,,.u- < 0.1) and that of nonisolated pairs (0.1 <I,,.u- < 0.5) 
in the central calorimeter. These samples a.re used to calculate the differential cross 
section f:,. The estimated number of backgrounds are also in the table. 
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Mass Estimated Isolated Nonisolated 
backgrounds pair pair 

I.,0 ., < 0.1 0.1 < I,...,. < 0.5 
40-60 0.33 10 14 
60-75 0.17 4 4 
75-80 0.03 2 3 
80-85 0 10 0 
85-90 0.07 25 5 
90-95 0.08 44 2 

95-100 0.03 16 1 
100-110 0 5 0 

110< 0.03 1 1 

Table 3.6: The backgrounds estimation for Drell-Yan process has been done with the isola­
tion distribution of electrons. The table shows the number of isolated electron (I., • ., < 0.1) 
and nonisolated (0.1 <Imoso .< 0.5) The central-plug electron pairs. These samples are 
used to calculate the differential cross section ;;, . The estimated number of backgrounds 
are also in the table. 
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Mass Estimated Opposite Opposite Same Same 
backgrounds sign pair sign pair sign pair sign pair 

r ..... < 0.1 0.1 < r ..... < o.5 I., • .,< 0.1 0.1 < r ..... < o.5 
12-15 1.96 15 57 1 41 
15-20 3.13 29 92 0 56 
20-25 1.45 15 45 2 24 
25-30 0.31 7 10 0 12 
30-40 0.51 15 18 1 8 
40-60 0.13 9 5 0 5 
60-75 0.08 5 3 0 0 
75-80 0.0 0 1 0 0 
80-85 0.05 9 1 0 0 
85-90 0.0 35 0 0 0 
90-95 0.03 42 0 0 0 

95-100 0.0 12 0 0 0 
100-110 0.0 2 0 0 0 

110< o.o 2 2 0 0 

Table 3.7: The background estimation for Drell-Yan process has been done with the iso­
lation distribution of electrons. The table shows the number of opposite and same sign 
isolated electron pairs (I,,.0 ., < 0.1) and that of nonisola.ted pairs (0.1 <I.,0 ., < 0.5) in 
parent particle rapidity -0.75 < Y < 0.75. The central calorimeter is only used. These 
samples are used to calculate the differential cross section d;},~y at Y =0. The estimated 
number of backgrounds are also in the table. 

Mass Central-Central Central-Plug 
(GeV) pairs pairs 
12-15 0.3 * 
15-20 0.3 * 
20-25 0.3 * 
25-30 0.6 * 
30-40 1.0 0.3 
40-60 0.6 0.4 
60-75 o.o 0.0 

75-105 0.0 o.o 

Table 3.8 The nwnber of expected Z -+ TT -+ ee backgrounds in the 4.76 pb- 1 data. 
was estimated by ISAJET Monte Carlo and the CDF detector simulation. Both decay 
electrons are required to be within the CDF fiducial volume in the central or end plug 
calorimeter. 
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Mass rPtr/dM.dY statistical Luminosity systematic sys sys sys 
error error error (1) (2) (3) 

12-15 109.9 39.4 9.69 19.63 13.4 4.0 13.8 
15-20 30.6 6.5 2.4 3.2 2.3 0.89 2.0 
20-25 12.4 3.8 1.0 1.8 1.3 0.43 1.1 
25-30 6.43 2.7 0.61 1.2 1.0 0.40 0.44 
30-40 6.08 1.4 0.39 0.79 0.70 0.26 0.23 
40-60 1.37 0.33 0.10 0.20 0.002 0.003 0.016 
60-75 0.982 - 0.32 0.069 0.18 0.0023 0.003 0.016 

75-105 7.01 0.46 0.49 0.53 0.06 0.06 0.32 

Table 4.1: Differential cross section f:, 

Mass rPtr/dM.dY sta.tistical Luminosity systema.tic sys sys sys 
Y=O error error error (1) (2) (3) 

12-15 8.05 3.0 0.70 1.69 1.26 0.29 1.08 
15-20 4.340 0.98 0.34 0.50 0.37 0.13 0.32 
20-25 1.87 0.59 0.15 0.27 0.19 0.065 0.18 
25-30 0.82 0.40 0.081 0.13 0.097 0.054 O.D75 
30-40 0.91 0.26 0.069 0.10 0.081 0.046 0.048 
40-60 0.26 0.097 0.020 0.034 0.030 0.011 0.011 
60-75 0.21 0.10 0.016 0.028 0.023 0.009 0.013 

75-105 2.33 0.24 0.16 0.104 0.094 0.050 0.01 

Table 4.3: Diffe1·ential cross section ,;;;Y h'=o Systematic en·or (1) comes from acceptance 
estimation, (2) comes from electron trigger efficiency,idenWication efficiency and isolation 
efficiency estimation. (3) comes from back ground estimation. · 
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The contributions taken into account are : 

• pure Z contribution 

• pure photon contribution 

• photon-Z interference 

DIS mass factorization scheme 
Input parameters : 

1. sqrt(S) : 1.80 TeV 

2. Mass of Z boson : 90.90 GeV 

3. Width of Z boson: 3.81 GeV 

4. Mass of W boson: 79.70 GeV 

5. Width of W boson: 1.93 GeV 

6. Factor. scale : 12.50 GeV 

7. Renonn. scale : 12.50 GeV 

8. Weinberg angle : 0.231 

9. Cabibbo mixing angle: 0.050 

10. Number of flavours : 5 

11. QCD sea.le : 0.200 Ge V 

12. a, : 0.165 

13. Fermi coupling constant: 1.16637 * 10-s 

14. QCD sea.le 

HMRSE: 0.1 ,HMRSB: 0.19,DOl: 0.2 ,D02: 0.4,EHLQl: 0.2, 
EHLQ2: 0.29,DFLMl: 0.16,DFLM2: 0.26,DFLM3: 0.36 

Table 4.4: Standard model parameters used to calcula.te Drell-Yan cross section 
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Example of out put of QCD calculation 
The results are in nbarn : · 

Invariant Mass .d 90.9,Parton distribution function:Duke ans owens 1, 
Structure function K"" 

• 0th order, q qb : 7.67526E-01 EHLQ set 1 1.95 ± 0.40 
EHLQ set 2 1.93 ± 0.42 

• 1st order, q qb, singular: 2.70429E-01 Duke and Owens set 1 1.68 ± 0.41 
Duke and Owens set 2 l.70 ± 0.40 

• 1st order, q qb, regular: -4.95197E-02 HMRSE 1.39 ± 0.41 
HMRSB 1.53 ± 0.41 

• q g : -4.02647E-02 DFLM set 1 1.80 ± 0.38 

• 1st order contribution : 1.80645E-01 
DFLM set 2 1.82 ± 0.38 
DFLM set 3 1.85 ± 0.38 

• Cross-section up to 1st order : 9.48171E-01 
Table 4.6: K.q value for several parton distribution functions 

• 2nd order, q qb, singular: 8.74880E-02 

• 2nd order, q qb, regular: 5.88995E-03 

• g g, : 1.16112E-03 

• q q + qb qb : 1.00427E-03 

• q qb, singlet : l.83946E-03 

• 2nd order contribution : 9.73828E-02 
Structure function !{~,,,. 

• Cross-section up to 2nd order : 1.04555E+OO EHLQ set 1 1.92 ± 0.38 
EHLQ set 2 1.85 ± 0.37 

Duke and Owens set 1 1.80 ± 0.37 
Duke and Owens set 2 1.74 ± 0.35 

HMRSE 1.77 ± 0.35 
Table 4.5: Contribution of QCD higher order processes to the Drell-Yan cross 

1 section calculation · 
HMRSB 1.76 ± 0.35 

DFLM set 1 1.71±0.34 
DFLM set 2 1.72 ± 0.34 
DFLM set 3 1.75 ± 0.34 

Table 4.7: K~,,,. value for several pa.rton distribution !unctions 
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High Mass events RUN:l 7864, EVENT:767 
Mass: 189.83 (GeV /c2),0pening angle: 3.03 (rad) 
Et of the pair 92.24 (GeV) 

Electron 11. : -0.28, ¢>. : 1.00, E1: 107.24 (GeV), Lshr: -0.03, E/P: I.22 
Isolation: 0.04, X~ir;p: 2.53, x!;.,: 2.70, VTPC Hit fraction: 1.0 
Track-Cluster match:: 5 Z: 1.09 ( cm),5¢>: 0.23 (cm), Had/Em: 0.04 

Positron T/e : -0.52, ¢>. : -2.24, E1: 95.88 (GeV), Lshr: -0.04, E/P: 0. 75 
Isolation: 0.08, X~ir;p : 2.76, x!;.,: 2.30, VTPC Hit fraction: 1.0 
TrB.ck-Cluster match:: 5 Z: 0.32 ( cm),5¢>: 0.36 (cm), Had/Em: 0.08 

High Pt T RUN:17332, EVENT:2517 
Mass: 10.39 (GeV/c2),0pening angle: 0.02 (rad) 
Et of the pair 116.60 (GeV) 

Electron T/e: -0.41, ¢>. : 3.72, E1: 27.95 (GeV), Lshr: -0.05, E/P: 1.07 Figures 
Isolation: 2.66, X~i.;p : 0.24, x!;..: 1.93, VTPC Hit fraction: 0.96 
Track-Cluster match:: 5 Z: 0.40 (cm),5¢>: 0.08 (cm), Had/Em: 0.01 

Positron TJ,: -0.65, ¢>.: -2.55, E1: 72.39 (GeV), Lshr: -0.22, E/P: 0.94 
Isolation: 0.41, X~trip : 219.5, x!; .. : 8.81, VTPC Hit fraction: 1.0 
Track-Cluster match:: 5 Z: 4.43 (cm),5¢>: -0.07 (cm), Had/Em: 0.08 

High Pt T RUN:19157, EVENT:10816 
Mass: 9.04 (GeV /c2),0pening angle: 0.03 (rad) 
Et of the pair 91.51 (GeV) 

Electron T/• : 0.46, ¢>. : 1.94, E1: 84.64 (GeV), Lshr: 0.03, E/P: 1.29 
Isolation: 0.24, X~ir;p : 3.11, x!, .. : 25.38, VTPC Hit fraction: 1.00 
Track-Cluster match:: 5 Z: -0.58 (cm),5¢>: -0.94 (cm), Had/Em: 0.02 

Positron T/e: 0.73,¢>,: 1.90,E,: 17.82 (GeV), Lshr: -0.01, E/P: 0.97 
Isolation: 4.90, x~1.,, : 2.05, x!; .. : 8.87, VTPC Hit fraction: 1.0 
Track-Cluster match:: 5 Z: -0.82 ( cm),5¢>: 0.88 (cm), Had/Em: 0.01 

High Pt zo RUN:18895, EVENT:40027 
Mass: 89.99 (GeV/c2),0pening angle: 0.37 (rad) 
Et of the pa.ir 200.6 (GeV) 

Electron T/•: -0.04,¢>0 : -2.27,E1: 97.14 (GeV), Lshr: -0.05, E/P: 1.05 
Isolation: 0.02, X~trip : 0.73, x!; .. : 1.81, VTPC Hit fraction: 1.00 
Track-Cluster match:: 8 Z: 0. 78 ( cm),5¢>: 0.26 (cm), Had/Em: 0.02 

Positron T/e: -0.79, ¢>. : 4.35, E1: 121.42 (GeV), Lshr: -0.06, E/P: 1.29 
Isolation: 0.03, X~i.;, : 3.43, x!;..: 2.91, VTPC Hit fraction: 0.92 
Track-Cluster match:: 8 Z: 1.1 (cm),5¢>: -0.03 (cm), Had/Em: 0.03 

High Pt zu RUN:18172, EVENT:8850 
Mass: 89.78 (GeV /c2),0pening angle: 1.35 (rad) 
Et of the pair 221.61 (GeV) 

Electron 11.: 0.69,¢>,: -0.12,E,: 37.75 (GeV), Lshr: -0.03, E/P: 1.11 
Isolation: 0.01, X~t•ip : 13.35, x!;.,: 16.72, VTPC Hit fraction: 1.00 
Track-Cluster match:: 8 Z: -1.56 (cm),5¢>: 0.57 (cm), Had/Em: 0.00 

Positron T/• : 0.94, ¢>, : 1.20, E1: 151.53 (GeV), Lshr: -0.08, E/P: 1.08 
Isolation: 0.01, x~1.;, : 5.53, x!;..: 12.36, VTPC Hit fraction: 1.00 
Track-Cluster match:: 1i Z: -0.60 (cm),54>: -0.20 (cm), Had/Em: 0.01 

Table 4.8: High Tr,ansverse or high mass event list 
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Figure 1.1: One gluon correction to the Born diagram. This figure shows one 
of the example of transformation from 'Space-like Q2

' (deep inela.sHc scattering) lo 
'Time-like Q2 ' (Drell-Ya.n lepton pair production). 
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Figure 1.2: The lowest diagram of Drell-Yan process· is the annihilation of a 
quarl<-antiquark pair to a virtu.al photon with q' = m'. and some of the firs~ order 
"'•diagram. The diagram of 8 1s .a glu<;>n ex~hang ~e.tween the q~ark and ant1quark. 
Jn the diagram of C-D, a gluon 1s errutted in addition to the virtual photon, they 
arc called a.s 'annihilation diagram'. The diagram of E-F shows one of the qu_ark 
in the two colliding hadrons interacts with a gluon of the other hadron, and emit a 
virtual photon. These are·called a.s 'Compton diagrams'. 
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Figure 2.13: The segmentation of Endplug electromagnet,ic calorimeter. The 
calorimeter tower size are OT} = 0.09 at 1.41 <rt < 2.4, OT} = 0.045 at 1.1 < rt < 1.41, 
and o,P = s•. 
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Figure 2.14: The detector consists of 34 layers of proportional counters and 2.7 
mm lead plate absorber. The pad signals are ganged in longitudinal direction, and 
readout as three depth segment. 
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Figure 2.15: The patterns of Tl strip in Endplug electro magnetic calorimeter. 
Two kinds of strip patterns are implemented around the shower maximum of the 
calorimeter. These are orthogonal with each other. 
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Figure 2.16: The patterns of ,P strip in Endplug electro magnetic calorimeter 
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Inclusive electron Pt spectrum 
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Figure 4.37 (A): The inclusive di-electron Pt distribution of opposite sign pair above 6 Ge V 
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Figure 4.37 (B): The Drell-Yan di-electron Pt distribution of loboratory system above 6 GeV 
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Figure 4.37 (C): The observed J /'11 decay electron Pt distribution at laboratory system above 

6GeV 
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Figure 4.37 (D): The observed i decay electron distribution at laboratory system above 6 GeV 



Nonisolated electron Pt spectrum 
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Figure 4.37(E): The nonisolnted the opposite sign and same sign pnir Pt distribu-
tions nbo->e 6 GeV . 
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Figure 4.37(F): The nonisol:i.ted opposite pair Pt spectrum of d,P > 7r /2 samples, 

n.nd ,j91 <: 7r /2 snmples 

Figi.u·e 4.37: Fig A is the inclusive di-electron Pt distribution of opposite sign, 
and B is Drell-Ya.n di-electron Pt distribution, C Md D are that of the observed 
J /iii a.nd T decay electron. The nonisolated the opposite sign Md same sign pair 
Pt distributions are plotted respectively in Fig E. The nonisolated opposite pair Pt 
spectrum are also plotted in Fig F for d<P > 7r /2 and d,P < 7r /2 samples. These all 
Pt dist1ibutions are measured above 6 GeV. 
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Figure 4.42: The invariant mass distribution of nonisola.ted electron pairs with 
small opening angle d<f> < 11' /2. J /ill , T ha.ve already subtracted. 
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Figure 4.43 (C):The 1st and 2nd electron Pt distribution of nonisolatcd opp0sitc sign electron 

pairs. ( d~ > 1f /2 ) 

Nonisolated opposite charge pair (cascade) 

102 ll[ 
1st elect on Pt 

I; :a: 2nd electron Pt 

- 101 ~ 
ID w i;o > 

Cl> f f 0 

'~ ......... 
10° ..0 

~ -.... 10- 1 v 
>-_, 

10-2 0... 

"' ......... 
b 
-0 10-3 

5 10 15 20 25 
Transverse momentum(GeV) 

Figure 4.43 (D):The 1st and 2nd electton Pt distribution of nonisolated opposite sign electron 
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Appendix B 

Electron cut efficiency 
calculation 
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The electron cut efficiencies are calculated in the following procedures, using 

J /'11 and zo sample. To measure the electron cut efficiencies from the J / 'V and 

zo sample, we required a set of tight electron cuts on one central electron first, 

and then the cut is applied to another EM cluster in the central region. Since 

we need the tight cut electron efficiency to calculate the other cut efficiencis, 

the tight cut electron efficiency has been measured first by method 1, then 

each cut efficiency has been calculated with method 2. 

1) The cut efficiency calcuation for only one cut parameter set 

NI= NO• P • P 

N3 =NO* (1- P) • (1 - P) 

so that 
NI 

p = 2 * .,..-----,-----,--
( 2 •NI+ N2)' 

where 

Bl 
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- NO: Number of total /Jpsi (or Z) 

- Nl: Number of /Jpsi (or Z) that both electron satisfied the cut 

- N2: Number of /Jpsi (or Z) that only one electron satisfied the cut 

- N3: Number of /Jpsi (or Z) that both electron dose not satisfy the cut 

- P : Cut efficiency 

2) The cut efficiency calcuation for two different cut parameter sets 

so that 

Nl=NO•Pl•Pl 

N2 =NO• 2 •Pl• (P2 - Pl) 

N3 = NO• 2 • Pl • (1 - P2) 

N4 =NO• (1- Pl)• (1 - Pl) 

p 2 = (2 •(NI+ N2) +Pl• N3) 
2 •(NI + N2 + N3) 

(Pl should be calcuated first with 1) method) 

\Vhere 

- Pl : Cut efficiency (Tight cut) 

- P2 : Cut efficiency (loose cut) 

- P2 >Pl 

- NO: Number of total /Jpsi (or Z) 

- Nl: Number of /Jpsi (or Z) that both electron satisfied the tight cut 

- N2: Number of /Jpsi (or Z) that only one electron satisfied the tight cut 

and the other electron satisfied the loose cut 



B3 

- N3: Number of /Jpsi (or Z) that only one electron satisfied the tight cut 

and the other electron dose not satisfied the loose cut 

- N4: Number of /Jpsi (or Z) that both electron dose not satisfy the tight 

cut 
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Appendix C 

The track and the end plug EM 
cluster matching 

The track-cluster matching in the end plug EM calorimeter has been studied 

for the end plug electron identification. Basically the track reconstruction has 

been done with Version 5.1 production code. Then new matching algorithm 

are applied for these samples. First the detail of the matching algorithm 

between VTPC tracks and EM cluster in the end plug calorimeter will be 

described. Then the space charge correction and the geometry calibration 

will be discussed. Finally, the matching quarity of the track and the centroid 

of the EM cluster in the end plug calorimeter will be described. 

C.1 Matching algorithm 

C.1.1 TJ matching algorithm 

The VTPC is composed of 8 double-drift-space time projection chambers. 

The module number was defined from 0 to 7. Each module was divided into 8 

¢> slices ~ailed octant. Fig 2.6 shows two VTPC modules. Adjacent modules 

have a relative rotation angle of ¢> = arctan(0.2), but each odd (even) module 

was set to the same rotation. This is because 

Cl 
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- The relative rotation eliminated inefficiencies near the octant boundaries 

for the tracks passing more than one module. 

- The relative rotation provides ¢> infonnation of tracks from small angle 

stereo. 

This is very important for the end plug region ( 10° < () < 30° and 150° < () < 

170°), because tracks in this region pass more than one module. VTPC tracks 

were reconstructed in R-Z plane at first with wire TDC data, then track az­

imuth angle was calculated with pad FADC data for each R-Z track. Basically 

two reconstruction algorithms exist in R-Z plane track reconstruction. One 

is the histogramming method and the other is the TDC-hit-search method' 

[109). The histogramming method has been applied first. It reconstructs R-Z 

track in each even/odd module independently. Since these tracks do not have 

¢> information, they are called a 2D track (Two dimensional track). If the 

track passed more than one module, i.e. a track have 2D track segments in 

both even and odd modules, these two 2D track segments were merged and its 

azimuthal angle was calculated using small stereo wire. Next, TDC-hit-search 

method is applied to reconstruct low momentum tracks and weak tracks. This 

method tries to reconstruct 3D tracks directly, it means it uses both even and 

odd module informations in the first stage. VTPC tracks and the end plug 

shower center matching algorithm is as follows: 

- The road is assumed between the event vertex and the shower center of 

plug electron candidates. 

- Check whether the road passed near the octant boundary. If the road 

passed even (odd) module octant boundary, only odd (even) module 

information was used. 1 And if the number of expected hits in odd 

'Ir d <P between the road and closest octant boundary is les.s than 0.035 radians, it was excluded 
from fiducilll volume. 
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(even) module is less than 4, only even (odd) module information has 

been used. 

- Scan all 2D tracks and pick up the best matched track from ea.ch rotation 

module. 3D tracks reconstructed by the histogram method were split into 

two 2D tracks. Since a.zimutha..! angle is not calculated in this stage, only 

T/ matching are evaluated. But we require that the VTPC </> slice number 

that a. track passed, is consistent with EM cluster </> position. In order 

to calculate T/ matching, the track </> was assumed to be the same as that 

of cluster. 

- If the difference between a track TJ and a. calorimeter TJ is less than 0.1, 

the 2D track was defined as "good track candidates". 

- If both even and odd modules have good track candidates which come 

from the same vertex, these two 2D tracks are merged into one 3D track. 

- Next, all tracks reconstructed by TDC-Hit search were scanned and the 

best matched track is picked up. 

- Finally, the best matched track reconstructed by Histogramming method 

is compared with the track reconstructed by TDC-Hit search. 

C.1.2 ¢ matching algorithm 

For each track in R-Z plane, the azimuthal angle was calculated from VTPC 

pad FADC data. if it was available. VTPC pad was installed to cover the plug 

region as shown in Fig 2.5. The VTPC </> - Z tracks are reconstructed in the 

every 0.2 d11 bins independent of wire R-Z tracks. Only FADC data is used. 

Then each </> - Z track a.re combined to the best matched R-Z wire track. A 

</> - Z track in the T/ bin around an EM cluster is used as track </> value if the 

number of expected pad data is enough to calculate track </> value. More than 
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10 FADC time bins are required. If it has not enough FADC time bins, and 

the stereo </> quality is good, then the stereo </> is taken as track ¢ value. The 

both rotation modules are required to have more than 6 hits. 

C.2 Space charge effect on VTPC </>measurement 

Since the space charge effect of VTPC has been discussed some previous CDF 

notes [211][212], only space charge effect of the VTPC ¢ measurement is 

discussed in this section. Because of the slow drift velocity of positive ion, 

the electric field are distorted and an electron tends to go inner side in the 

outer radius, and tends to go outer in the inner radius. Since the magnetic 

field are parallel to the beam axis, when the drift electron has the velocity 

along to the transverse direction caused by the space charge electric field 

distortion, it gets the ExB force. This effect always makes track ¢ value large 

at the inner radius, and make track </>.small at the outer radius. It doesn't 

depend on the drift direction. Since the positive ion density is higher in the 

inner radius than that of outer radius, the bigger </> distortion was observed 

in the small radius. The analysis of the space charge effect has been done 

with CTC tracks [109). First, VTPC module geometry correction has been 

done with low luminosity data. The method of geometry calibration is almost 

the same as that of space charge effect study [109]. Good CTC tracks are 

taken as real track trajects. Then all FADC data are converted from ADC 

count to </> position. For each CTC track, closest ¢ hits are picked up, and 

R value of each </> hit is calculated with the cotan of the track and time 

information of each hit. Then the distance between extrapolated CTC tracks 

and reconstructed </> position of VTPC pad hits were plotted. The analysis 

has been done at three different luminosities. Since the ExB force comes from 

both space charge field distortion and module misalignment, the ExB effect 
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was studied module by module. The drift length dependence of the distortion 

are plotted at three radius points, the inner radius: R < 10 (cm), the middle 

of radius: 13 (cm) < R < 17 (cm) and the outer radius: 20 (cm) < R for three 

different instantaneous luminosities. Fig C.l shows the distance between the 

extrapolated CTC tracks and ¢i position reconstructed by VTPC pad as a 

function of drift time at the half module 9 inner radius. Fig C.2 and Fig 

C.3 show the distance at the middle and outer radius of same half module. 

Fig C.4 shows the radius dependence of the distortion. As mentioned before, 

the direction of the distortion is opposite for inner and outer side. When we 

used nonvertex constraint fit, the space charge gave a big effect, because the 

direction of the distortion is opposite in the inner and outer radius. In order 

to avoid the problem, the vertex constraint fit was used. 

C.3 Geometry calibration 

The geometry calibration for the matching between VTPC tracks and the 

center of electromagnetic cluster in the end plug calorimeter has been done 

using isolated W and zo samples. The calibration were done for 2D tracks in 

even/odd modules and 3D tracks individually. Figs C.5 show 77 and ¢i matching 

as a function of track azimuthal angle before and after applying the geometry 

corrections. 

C.4 The resolution of track-cluster matching 

The end plug region track matching perfo1mance bas been studied with iso­

lated W sample. 
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C.4.1 Event selection 

The isolated W samples in the end plug calorimeter were selected with the 

following cuts (213]. 

- Missing Et > 20 

- Electron Et > 15 

- EM/Had < 0.055+0.045*Energy /100. 

- Dijet Cut ( No jet Cluster (Et > 5 GeV opposite side) 

- 3 x 3 x2 < 10 

- Depth x2 < 5 

- Fiducial cut 

- Isolation cut ( < .1 ) 

1. Isolation (R < .4 ) is the energy around the electron within the corn 

normalized by electron energy. 

Loose VTPC hit occupancy cut ( > .5 ) 

C.4.2 The matching resolutions 

After applying the geometry calibration and the correction of space charge 

effect, the matching resolution has been estimated. The standard deviation of 

the fitted gaussian of ¢i matching distribution is 0.6 degree, this corresponds 

3 mm at the outer radius of VTPC, and that of 6 77 distribution is 0.012 

which corresponds to 2 mm at the outer radius of VTPC. Fig C.6 and Fig C. 7 

show the 6 77 distribution and 6 ¢i distribution. For Pt 10 Ge V electrons, the 

probability misidentifying the sign of electron charge is 16 3 at 77 = 1.8, and 

for 30 GeV Pt electron, 7J should be smaller than 1.2. to get same probability. 
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Appendix D 

The study of gamma conversion at 
the end plug region 

The study of gamma conversions at the end plug region is discussed in this section. 

The dE/dx measurement for identifying a conversion electron pair, the pad road 

finder efficiency and SSP memory overflow rate are discussed. According to the 

previous VTPC wire road finder study [98][214], when the road is set at random, 10 

3 of-the road had more than 70 3 occupancy. The 7 3 of electron candidates have 

only good activity on VTPC wire and have low pad occupancies. This is consistent 

with the analysis result. 

Another goal of this section is to estimate the number of gamma conversions 

in the end plug electron candidates. In the central electron gamma conversion 

study [215], it is mentioned that 30 3 of the electron candidates come from gamma 

conversions. 70 3 of these gammas converted at out side of VTPC, and the other 

30 3 are converted at the beam pipe. In my analysis, 653 of the end plug electron 

candidates have both good VTPC wire and pad hits occupancies. Tl~e source of 

these electron candidates are real electrons and the be~m pipe gamma conversion 

electrons. The 30 3 of the plug electron candidates which have good activities both 

on VTPC wire and pad have more than 1703 dE/ dx of a minimum ionized track. If 

we assume that these come from beam pipe gamma conversions, the ratio between 

the gamma conversions a.t the beam pipe and out side of VTPC is 0.5 : 1. This is 

Dl 
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consistent with the central region analysis and the amount of material. 

D.1 SSP memory overflow problem 

Inclusive electron samples are striped out from CDF spin production output [216)[217]. 

Total 13822 events are analyzed for this study. VTPC wire SSP memory overflow 

rate is 0.7 % (95 events) and pad SSP memory overflow rate is 1.84 3 (255 events). 

D.1.1 Wire SSP overflow 

The central and plug electrons are picked up from this sample. Each electron is 

required to have more than 10 expected wire hits. Total 9451 electrnn satisfied 

this cut. 40 electrons (0.42 %) passed the octant module whose data a.re readout 

not completely because of SSP memory overflow. The number of rejected electron 

because of SSP memory overflow was also counted. After requiring 80 3 occupancy, 

2354 electrons out of 9451 are rejected by hit occupancy cut. And 14 electrons of 

them are rejected because of SSP memory overflow. This is 0.6 3 of rejected 

electrons. 

D.1.2 Pad SSP overflow 

The central and plug electrons which passed the VTPC pad implemented modules 

a.re selected. Each electron is required to have more than 10 expected FADC time 

bins. Total 3658 electrons satisfied this cut and 56 electrons (1.5 3 of them) passed 

the VTPC pad SSP memory overflow modules. When 80 3 VTPC pad hit occu­

pancy is required, 721 out of 3658 electrons are rejected. 17 electrons of them were 

rejected because of SSP memory overflow. This is 2.36% of rejected electrons. 
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D.2 VTPC road finder 

D.2.1 The study of road finder 

The VTPC pad road finder was written for the plug electron identification. For 

given road, the code looks at closest three pads in each row, then sums ADC value 

over these pads. After subtracting the pedestal, if summed ADC value is bigger 

than 10, the time bin is counted as an active time bin. If a road is close to radial 

boards, the time bin is excluded from the number of expected time bins. 

For the study of wire hit occupancy, the road width are set to 0.035 (rad) in 

azimuthal angle and O.Dl x v'l + cotan'l in Tl· Only electrons having more than 10 

expected wire hits are used for this study. In addition to the cut, each electron 

candidate is required to have more than 10 FADC expected time bins. Then the 

number of active hits is counted. In order to make the central and plug electron 

sample, the following cuts were required. 

For the central electrons, 

• Had/EM < 0.055 + 0.00045 * Energy 

• NTRACK > 0 

• LSHR < 0.2 

• Track matching d¢ < 1.5 cm , dZ < 3.0 cm 

• E/P < 1.5 

For the plug electrons, 

• Had/EM < 0.055 + 0.00045 • Energy 

• CTC hit occupancy > 0.5 
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• X~x 3 < 10. 

In the central, 83 % of the electrons have good activities both in wire and pad, and 

0.4 % of electrons has only good_ occupancy in wire, and 3.4 % electrons have only 

good activity on pad, the other 12.8 % didn't have enough activity neither wire 

' 
nor pad. On the other hand, for the plug electrons, 64. 7 % electrons have satisfied 

occupancy cut both wire and pad, 4.3% electrons satisfied only wire occupancy 

cut, 12.1 % electrons satisfied only pad occupancy cut, and 18.7% electrons didn't 

satisfy neither wire nor pad occupancy cut. Since VTPC pad has 5 cm long in R 

direction, the pad road finder is overefficient when the track density in real space 

is high. Since the track density is relatively high in the central region, it doesn't 

help to reject accidental track in the VTPC wire road finder, but it is useful for the 

plug and forward electron identification. According to the previous analysis [218], 

when the road was set at random, 10 % of the road had good occupancies. Pad 

road finder reduced this ration from 10% to 3 %. 

D.2.2 Gamma conversion study 

Using both VTPC wire and pad road finder, inclusive electrons gamma conversion 

rate are studied. To remove nonconverted 11"0 and 'Y s, CTC activities were re­

quired. A track has been required for the central electron candidates and a good 

CTC hit occupancy has beeh required for the plug electrons. We started the gamma 

conversion study using only VTPC wire data to look at the consistency of previous 

analysis [214]. The electron candidates having more than 70 % of wire hit occu­

pancy are defined as real electrons, and others are defined as conversions. In the 

central region, 83 % of the electrons have good occupancy. This is consistent with 

the previous analysis [214]. The analysis mentioned that 20-30 % of the electron 

candidates come from gamma conversions. 70 % of these conversions are produced 

at outside of the VTPC and 30 3 of them are converted at the beam pipe so that 
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80-86 % of electron candidates should have good activities in the VTPC wire signal. 

For the plug electron, 68% of the electron candidates had good wire occupancies 

and other 32% come from conversion electrons which converted at outside of VTPC. 

Fig D.1 and Fig D.2 show correlation between VTPC wire and pad hit occupancies 

of the central and plug electrons. 

D.3 The dE/dx calculation 

VTPC pad signals are read out with Flash Analog to Digital Converter (FADC) 

to measure the r/> position of tracks in the 1988/89 Run. These FADC data are 

also useful to calculate the dE/dx (Energy deposit normalized by track length) 

to improve two tracks separation and identify gamma conversions. The study of 

dE/dx measurement has been done using isolated low angle tracks, the plug region 

W samples and the inclusive electron samples. 

D.3.1 Introduction 

Vertex Time Projection Ch;µnber (VTPC) is composed of 8 TPC modules. Each 

module has two proportional chamber at the both end. In the 1988/89 run, 8 pad 

planes out of 16 planes, total 1536 channels are read out with FADC. Fig 2.5 shows 

the location of the ha.If modules with pad readout. They are implemented to cover 

whole plug region. The FADC sampling speed is 10.6 MHz. The number of time 

bins which corresponds to maximum drift time is 44 bins. As shown in the Fig 2.6, 

there are three pad rows in each octant module. The inner, middle and outer pad 

rows have 6, 8, 10 pads individually, and each pad row covers almost 8 sense wires. 

Typical pad size is 1.5 cm in the r/> direction, and 5 cm in the R direction. 

· D.3.2 Calibration for the dE/dx measurement 

Various corrections are applied for the dE/ dx calculat·ions. The followings are the 

list of the corrections. 
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• VTPC pad electronics gain and pedestal calibration 

• Module r/> dependence correction 

• Drift time dependence correction 

• Track cot8 dependence correction 

• Radius dependence correction (Wire position dependence) 

• Shower position on pad correction 

• Pressure dependence in the VTPC 

The gain and pedestal calibration of the electronics have been done with the 

charge injection. The gain distribution and pedestal distribution of one of the 

calibration run are shown in Fig D.3 and Fig D.4. After calibrating electronics gain 

and subtracting the pedestal, other corrections are studied with real data. 

One of the difficult points of the pad dE/dx calculation is that more than one 

wire hit induce the charge on a pad plane at the same time, so that when we try 

to apply position dependence correction, it is difficult to identify the wire number 

which induces the charge in the pads. 

To avoid the problem and get each geometry correction factors, the studies were 

done with isolated low angle tracks, because each wire hit of isolated low angle tracks 

induces _tl1e charge on a pad at different time interval. The tracks were required to 

be 

• Less than three tracks passed in a octant 

• cot8 of the track must be greater than 1.5 

The dE/dx was calculated for each wire hit individually. At that time, only the 

ADC counts of the pad row just below the wire, are used to calculate the dE/dx, 
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so that the dE/dx tends to be small at the boundary of each row. Fig D.5-A shows 

this effects. The dE/dx local ,P dependence in each row is shown in Fig D.6-A. Since 

the inner 3 sense wires and outer most wire are not covered with pads, the charge 

induced by these wires are very small so that hits of these sense wire are not used in 

the dE/dx calculation. Because of the radial board effect, the dE/dx value becomes 

small near the edge of the octant(Fig D.6-A). The position dependence in a pad is 

shown Fig D.7.-A. Drift time dependence is shown in Fig D.8-A . The dE/dx tends 

to be big at the short drift distance. Fig D.5-B, Fig D.6-B, Fig D.7-B and Fig D.S-B 

are the corrected dE/dx value of each quantities. Fig D.9 shows the dE/dx module 

dependence, the variation of dE/dx between these modules are small so that it is 

ignored in calculating the dE/dx. 

D.3.3 The dE/dx calculation algorithm 

After processing all track reconstruction, a track dE/dx was calculated with these 

corrections. There are two steps to calculate the charge and track length. 

• Step 1: Track length is calculated for each wire hit. After multiplying several 

correction factors, the track length of each wire hit is summed in each module. 

The ADC value of the nearest three pads are summed over all expected time 

bins. When we calculate the sum of ADC counts in each module, the ADC 

counts that are more than two times bigger than the mean of the ADC counts 

in the module are truncated. 

• Step 2: The sum of ADC counts in each module was recognised as the total 

energy deposit of the track and it was divided by the sum of the corrected 

track length in each module. 

The amount of energy deposit and track length which need large correction factor 

are deweighted and summed to calculate the dE/ dx. Finally cot9 correction factor 

is multiplied and normalized so that the dE/dx of a minimum ionizing particle 
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becomes 100 %. The dE/dx distribution as the function of cot 9 is shown in Fig 

D.10-A and Fig D.10-B before and after applying the cot 9 correction. 

D .4 Performance 

D.4.1 Resolution of the dE/dx 

After applying these corrections, the dE/dx of each track is calculated. Fig D.11 

shows isolated track dE/dx distributions, and Fig D.12 shows dE/dx distribution 

of no isolation cut tracks. The RMS of the dE/dx distribution is between 15 - 203 

of the peak value for isolated tracks. Fig D.13-A and Fig D.14-A show the dE/dx 

distribution error dependence and the number of used time bins dependence for 

the isolated tracks, Fig D.13/14-B show the mean of dE/dx value as functions of 

error and the number of data. Fig D.13/14-C show the RMS width of the dE/dx 

distributions. The dE/dx of the tracks which has the number of time bins greater 

than 15 are calculated. Momentum dependence also measured with both CTC 

tracks and VTPC pad tracks. Fig D.15 shows the momentum dependence of the 

dE/dx value. Each VTPC tracks are linked with CTC tracks, and momentum of 

each tracks are calculated with CTC informations. And Fig D.16 are the dE/dx 

momentum dependence calculated by VTPC pad. Momentum resolution of the 

VTPC pad are almost 30 3 for the 1 GeV track [109]. 

D.4.2 The dE/dx measurement of the end plug electrons 

To identify the beam pipe ge.mma conversions, the dE/dx of electron candidates are 

calculated. Fig D.17 shows the dE/dx distribution of the plug W electron sample. 

Fig D.18 shows the dE/dx distribution of inclusive plug electron sample. The cut 

value of these samples are 

Plug W cuts 

• Missing Et cut 
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1) Missing Et > 20 Ge V 

2) (Missing Et)/(Total Et) > 2.4 

3) Dijet Cut : No jet cluster (Et > 5 GeV) in opposite side of EM 

cluster 

• Electron cuts 

1) x5x3 < 10. 

2) VTPC wire hit occupancy > 0.5 

The end plug inclusive electron cuts 

· • Electron cuts 

1) x;x3 < IO. 

2) VTPC wire hit occupancy 0.5 

D9 

Fig D.19 shows the end plug gas calorimetry pressure from Feb. 17 1989 to May 

21 1989 [218]. We assume that the gas pressure of VTPC is the same as the 

pressure of the end plug gas calorimetry and made a gas gain correction. Fig D.20 

and Fig D.21 shows plug x;" 3 distribution of these samples. Although there is a 

big difference on the dE/dx distribution between W sample and inclusive electron 

sample, x5x 3 distribution looks same. If the dE/dx is measured correctly, it means 

we can not reject gamma conversion with xixJ· From Figs D.18, we can see the 

gamma conversion peak around 200 %, even in the W /Z sample small conversion 

peak are seen. From this distribution, the tracks having less than 170 % dE/dx 

are defined as real electrons, .and more than 170 % dE/dx is defined as beam pipe 

conversions. 30 % of good electron candidates are identified as conversion electrons 

in the plug region. 
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Figure D.20 x2 l>Jdistriburion of the end plug W electrons 
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Figure D.22 Nonisolatcd electron dE/dx distribution (with pressure correction) 
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Figure D.23 Isolated electron dE/dx distribution (with p~ure correction) 




