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ABSTRACT 

The production of heavy quarkonium in hadronic collisions is particularly inter

esting as a testing ground for QCD, in that both perturbative and non-perturbative 

QCD processes are important. Recent measurements of the J /"p and "p' cross sec

tions at ...;s = 1.8 Te V indicate that our present understanding of these processes 

is incorrect by more than an order of magnitude. In this analysis, the T cross 

section at ...;s = 1.8 TeVis extracted from 1992-93 dimuon data collected using 

the D0 detector at the Fermilab Tevatron. The differential cross section is found 

to be more than a factor of five higher than the O( a~) prediction over part of the 

Pr range measured. The differential Drell-Yan cross section in the mass region 

from 6 to 35 Ge V / c2 is also extracted from the same data sample. The results of 

this measurement are in good agreement with the partial O(a~) prediction. 
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Chapte:f 1 

Introduction 

The Fermilab Tevatron is presently the highest energy particle accelerator in the 

world. With this machine the top quark has been discovered [1, 2] and precision 

electroweak measurements such as the determination of the W-boson mass [3, 4] 

have been carried out. At the same time, a wide range of topics in QeD can 

be addressed, including studies of heavy quarkonium and Drell-Yan production, 

to test our present theoretical understanding of these processes in high-energy 

collisions. 

1.1 Heavy Quarkonium Production in Hadronic 

Collisions 

The production of heavy quarkonium in hadronic collisions is particularly inter

esting as a testing ground of QeD. Unlike light quarkonium production, which 

is governed wholly by non-perturbative QeD processes, heavy quarkonium pro

duction involves both perturbative and non-perturbative processes. Production of 

the heavy quark pair occurs at short distances and, due to the large mass of the 

quarks, is readily calculable using perturbative QeD, as in the case of open bottom 

production. The transition to an out-going color-neutral bound state, however, is 

mediated by processes which are not calculable using perturbative QeD. 
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In hadronic collisions one can directly produce states with different spin and 

orbital angular momentum quantum numbers. To lowest order in as (CJ(a;)), 

production of [381] QQ bound states, T or "p, proceeds through an intermediate 

X[3 PJ ] state which decays radiatively to a [3 Btl state: 

At CJ(a;), production of states with J = 1 is forbidden by angular momentum 

conservation, which requires these states to couple to at least three gluons. 

At CJ( a~), the T and "p states can be produced directly through gg-scattering: 

or through the production and subsequent radiative decay a X state by gg-, qg-, 

or qq-scattering: 

In contrast, at e+e- experiments only the [38d states, which have J = 1, 

C = P = 1, are produced directly in the dominant production mode. Thus, the 

X states are only probed through the decays of the higher 8-wave states. Most of 

what is known about the Xb states was obtained from e+e- experiments. Fig. I

I summarizes the experimentally established bottomonium states and radiative 

decays. 

Recent preliminary results of the J /"p and "p' production cross sections from 

both D0 [5] and CDF [6] are as much as two orders of magnitude higher than the 
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Figure 1-1: Experimentally established bottomonium states and radiative decays. 
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Figure 1-2: D0 and CDF measurements of the combined J /.,p and .,p' cross section 
at y'8 = 1.8 TeV. Both "prompt" and "non-prompt" processes are included. 

O(a~) predictions [7,8], as shown in Figs. 1-2 to 1-4. 

Until recently the O(a~) contributions were thought to be the dominant 

"prompt" production mechanisms, where "prompt" refers to mechanisms other 

than the decay of a B meson. This failure of the theory to reproduce the data 

has inspired theorists to search for other important production mechanisms [10, 

11, 12, 13, 14]. It has been proposed that production of charmonium through 

fragmentation of gluons or charm quarks is an important contribution to the cross 

section [10]. While higher-order in as, fragmentation production actually domi

nates the prompt cross section at PT greater than approximately 2MJN' These 

processes are found to make up a large part of the deficit observed in the com

bined J /.,p and .,p' measurement, as shown in Fig. 1-2, and in the "prompt" J /.,p 
measurement by CDF, shown in Fig. 1-3. 
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Figure 1-3: CDF measurement of the "prompt" J /"p cross section at VB = 1.8 
TeV. 
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Figure 1-4: CDF measurement of the "prompt" .,p' cross section at Vs = 1.8 TeV. 
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Even after including the fragmentation contributions to J /.,p and.,p' production, 

however, there remains a deficit of more than an order of magnitude in the .,p' 
cross section, as shown in Fig. 1-4. One of the very recently proposed causes of 

this surplus is fragmentation production through a color-octet intermediate state 

[15, 16]. 

Bottomonium production is somewhat simpler than charmonium production 

in that there is no equivalent to "non-prompt" bottom production of charmonium 

since sequential decays of top will be negligible due to the low cross section for 

tl production. Thus, it is not necessary to separate "prompt" and "non-prompt" 

mechanisms, as in the case of the J /.,p measurement. 

Unlike the J /.,p cross section, which is limited by the detector acceptance to the 

kinematic region pfj'" > MQQ at most collider experiments, the T cross section can 

be measured down to zero in PT because of the larger mass of the T states. This 

allows one to study the PT region where fragmentation production is not expected 

to dominate. However, if color-octet production mechanisms are the cause of the 

.,p' surplus, a surplus in the T cross section compared to the usual O( a~) prediction 

should be observed in the kinematic region of this measurement. 

At energies accessible to earlier experiments at ISR [17] and Fermilab [18], the 

agreement with theory [7] is quite reasonable, as shown in Figs. 1-5 to 1-6. Later, 

however, the UAI experiment observed a larger cross section than expected from 

the O(a~) calculations at ..;s = 630 GeV. As shown in Fig. 1-7, the measured cross 

section is approximately a factor of two larger than the theoretical prediction for 

Pf > 3 Ge V / c. This could be taken to be an indication that there are other con

tributing processes not accounted for in the calculation. However this discrepancy 

is not far enough outside the uncertainties of the theoretical calculation, which are 

on the order of 50%, to claim the theory is missing important contributions. 

There are several measurements of the integrated T cross section at lower en-
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Figure 1-5: Measurement of the inclusive T cross section at Vs = 63 GeV. The 
theory is from the calculation of Baier and RiickI. 
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Figure 1-7: Measurement of the inclusive T cross section at Vi = 630 GeV. The 
theory is from the calculation of Baier and RuckI. 
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ergies. These are summarized in Fig. 1-8 along with the prediction of the color

evaporation model (dashed line) discussed in Chapter 2 [19]. The prediction of a 

more naive model is also shown [20]. The UA1 measurement at ..jS = 630 GeV is 

consistent with this prediction. Measurement of the cross section at ..jS = 1.8 Te V 

will provide an additional test of the energy dependence predictions. 

The masses of the T(lS), T(2S), and T(3S) are 9.5, 10.0, and lOA GeV /c2, 

respectively. The mass resolution the De> detector is approximately 1.3 Ge V / c2 

at 10 Ge V / c2 , due primarily to the limited muon momentum resolution caused by 

multiple scattering in the iron toroid and calorimeter. Therefore, the cross section 

presented in this analysis is sum of the 1'(lS), T(2S), and 1'(3S) cross sections, 

as in the earlier experiments. 

1.2 Drell-Van Production in Hadronic Collisions 

Since the Drell-Van and T processes both have possible dilepton final states, both 

processes will contribute to the dimuon data sample used in this analysis. Histor

ically, the Drell-Van process has played an important role as a probe of the quark 

structure functions of the proton and as a test of the parton model and its QCD 

corrections. While interesting in its own right, the Drell-Van measurement also 

serves as a powerful cross check to the T analysis. 

As will be discussed in Chapter 2, if gluon emission is neglected, the Drell

Van cross section to is expected to exhibit approximate "scaling" in that it should 

depend only on the ratio .;:r = Q /..jS and not on Q or ..jS alone. Data from 

early low-energy pN experiments approximately obey this scaling law, as shown 

in Fig. 1-9. 

The largest contribution to the Drell-Van cross section at virtual photon masses 
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above 6 Ge V / c2 comes from the familiar leading order qq annihilation process 

In addition to the leading order process, higher order processes of the type 

will have a considerable contribution to the Drell-Van cross section. These and 

most other important contributions up to O( a~) have been included in the theo

retical calculation described in reference [21]. Previous measurements ofthe Drell

Van cross section have shown excellent agreement with the theoretical predictions, 

as in the measurement by the UAI collaboration [22] shown in Fig. 1-10. At 

yS = 1.8 TeV, CDF has measured the Drell-Yan cross section using their 1988-89 

dimuon and dielectron data [24]. This measurement is also in agreement with the 

theory, although the dimuon data is systematically higher than the dielectron data, 

as shown in Fig. 1-11. 

At D0, the Drell-Van dimuon cross section can be measured down to 2mIJ in 

dimuon invariant mass. However, because the backgrounds above and below 6 

GeV /c2 are quite different, this analysis includes only dimuon pairs with invariant 

mass above 6 Ge V / c2
, corresponding to a value of y'T = 0.004. The trigger used 

to collect this data sample was not optimized for the high mass regime above 35 

Ge V / c2 • Therefore, the cross section is not measured beyond 35 Ge V / c2 in photon 

mass. Measurements of the Drell-Van cross section in this mass region probe the 

quark structure functions of the proton. Measurements of Drell-Van production in 

hadronic collisions provide an independent check of the quark structure functions 

determined from deep inelastic scattering experiments. 
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Chapter 2 

Theory 

2.1 Bottomonium Production in Hadron Colli-

• Slons 

As discussed in Chapter 1, measurements of charmonium production at VB = 

1.8 TeV by D0 [5] and CDF [6] were initially found to be factors of ""10-200 above 

the theoretical predictions, which were based on production through b-quark decay 

and direct O(a~) charmonium production [7]. Additional contributions from gluon 

and charm fragmentation were later realized to be important [10]. 

This section includes a summary of what have been, historically, the most 

important calculations of the bottomonium production cross section in hadronic 

collisions and a brief discussion of the salient features of the new calculations. The 

results are applicable to both bottomonium and direct charm onium production. 

Figure 2-1 shows contributions to bottomonium production in pp collisions to 

O( a~) which will be considered here. Because angular momentum is conserved, 

at O( a~) only the J = 0,2 states can be produced from the two-gluon initial 

state. At the parton level, the O(a~) contribution of Fig. 2-1(a) can only give 

bound states with pj. = 0 Ge V / c. Of course, when this parton-level cross section 

is embedded in the hadronic process, the colliding partons may have an initial 

transverse momentum due to soft gluon emission which they impart on the T. 
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Figure 2-1: (a) Diagram for O(a~) quarkonium production through gg- scattering. 
O( a~) diagrams for quarkonium production through (b) qg and qg scattering and 
(c) qq annihilation, and (d)-(g) gg scattering. 
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In contrast, the O( a~) processes shown in Figs. 2-1(b )-(g) yield Y states which 

are boosted in the transverse direction even at the parton level. Since the Y has 

J = 1, the minimum number of gluons it can couple to is three. Thus, O( a~) is the 

lowest order for which there is direct production of Y states. Most Y production 

channels proceed through the radiative decay ofaXb state. 

Three methods of calculating the quarkonium cross sections are discussed be

low, with an emphasis on the color-singlet model which is used as the basis for the 

Y Monte Carlo presented in Chapter 6. A discussion of uncertainties in the theory 

is included at the end of this section. 

2.1.1 The Color-singlet Model 

Perhaps the most successful and widely used model for quarkonium production 

is the color-singlet model [7, 25]. One of the nice features of this model is that 

it predicts the relative contributions of the different angular momentum states. 

The assumption of the model is that the quarkonium state is produced at short 

distances in a color-singlet bound state with the appropriate quantum numbers. 

While this assumption is counter-intuitive in that one expects the bound state to 

be formed at long distances relative to the production of the heavy quark pair, it 

has the advantage of allowing one to factorize the amplitudes in a convenient way: 

d4q 
A(P) = J (271")'1 Tr[O(P, q)¢(P, q)] (2.1) 

where ¢(P, q) is the non-perturbative Bethe-Salpeter wave function of the quark

onium bound state, assumed to be nonrelativistic, and O(P, q) is the perturbative 

QCD contribution from the rest of the diagram. The term ¢(P, q) already includes 

the heavy quark spinors u(~P + q,s) and v(~P - q,s), so these need not be in

cluded in the calculation of O(P, q). In these expressions P is the four-momentum 

of the bound state and 2q and s(s) are the relative momentum and spins of the 
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constituent heavy quarks. 

The assumption that the bound state wave function is nonrelativistic is valid 

because the relative momentum of the constituent heavy quarks in the rest frame 

of the bound state, Iql, is small relative to their mass, m q • Therefore, it is valid to 

decompose the bound state wavefunction into a nonrelativistic part, .,pLLz(q), and 

a part that acts as a spin projection operator: 

(2.2) 

The brackets are the Clebsch-Gordon coefficients and the spin projection part is 

given by the expression 

PsSz(P,q)=~(i;~lsSz)u(~ +q,8)V(~ -q,s). (2.3) 
8,8 

Substituting the expression (2.2) into (2.1) gives: 

(2.4) 

One can expand this in powers of Iql because .,pLLz(q) damps out regions where 

Iql '" O(mQ). For S-wave states, where L = 0 and J = S, only the first non

vanishing term is retained, giving 

1 
A(P) = J4;rRoTr[O(p,O)PsSz (p,o)l (2.5) 

where 

(2.6) 

is essentially the value of the radial S-wave function at the origin. The parameter 

Ro is determined from phenomenological models. One expects the antisymmetric 

P-state wavefunction to vanish at the origin. Therefore, this term is zero and one 
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must use the next term (rv qOO) in the expansion: 

A(P) = -i{f;R; L (lL.; SS.IJJ.)e·(L.) a: .. Tr[O(P, q)Pss.(P,q)] 
Lz,Sz q=O 

(2.7) 

Here, gOO is the polarization vector for an L = 1 system, and the parameter R~ is 

related to the derivative of the P-wave function at the origin 

(2.8) 

The values of the wavefunction at the origin and the derivative of the wavefunction 

at the origin are usually extracted from phenomenological models and may have 

uncertainties of order 50%. 

To O(lqI2), the spin projection operators of (2.3) can be written as: 

pss• = ~ 8~~ [1· (~ + q) +mq] IIss. [-1· (~ - q) +mq] (2.9) 

where 

{ 

15 if singlet (S = 0) 
IIssz = 

I' g(Sz) if triplet (S = 1) 
(2.10) 

The matrix O(P, q) can be obtained by applying the Feynman rules to the 

diagrams shown in Fig. 2-1, keeping in mind that the heavy quark legs are already 

taken into account by the bound state wavefunction. As usual, the amplitude for 

producing a given state is the sum of the amplitudes of the contributing diagrams. 

For the O(a~) contribution, the total cross section can be determined from the 

expressIOn: 

~ 2 ( J(
2

) O'[gg -.2S+1 LJ] = 8
2 
L /A[gg -.2S+1 LJ]/ 5 1 - T . (2.11) 

At O(a~), where one expects appreciable contributions at higher i due to the recoil 
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gluon, the differential cross sections will be given by the expression: 

(2.12) 

In both the expressions (2.11) and (2.12) the sums are over spin and color. 

The method described above is used to extract cross sections for colliding par

tons. However, since one cannot collide free quarks and gluons, one must account 

for the fact that they are constituents of the colliding nucleon and carry only some 

fraction of its momentum. The proton is composed of valence quarks, sea quarks, 

and gluons. The valence quarks, uud, determine the proton's quantum numbers. 

In a relativistic theory, additional quark-antiquark pairs, called sea quarks, can 

materialize for a time allowed by the uncertainty principle. These virtual quarks 

may also be involved in a collision before falling back into the vacuum, thus be

coming real. Gluons carry a large fraction of the nucleon's momentum, especially 

at high energies. In order to calculate a cross section, it is essential to know the 

probability of finding the parton with a given fraction, :v, of the proton's momen

tum. These probability distributions are referred to as the structure functions of 

the proton. For large mass scales or momentum transfers (large Q2) compared with 

the intrinsic transverse momenta of the partons, one can factorize the cross section 

into a parton-level scattering part and a part containing the structure functions of 

the proton and antiproton 

(2.13) 

to obtain the cross section for pp collisions. 

2.1.2 Color-evaporation Model 

The color-evaporation model starts from the more intuitive assumption that the 

heavy quark pair is produced at short distances and later forms into color-singlet 
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bound state. In this model, the QQ pair is not subject to constraints on color or 

angular momentum. It is assumed that non-perturbative QCD effects which are 

involved in the transition to a color-singlet final state with quantum numbers J Pc 

have negligible effect on the kinematics of the bound state. This information is 

included in the factors FnJPc in the equation 

dO'[ab --. n:2S+1 
LJc] = FnJPc . du[~Q] . 

dt dt 
(2.14) 

Thus, this theory cannot predict the normalizations of the individual angular mo

mentum states, which must be fixed phenomenologically. 

In (2.14), u[QQ] is the total cross section for open bb production integrated 

over bb mass from 2mb to 2mB and summed over all spins: 

u[bb] = rlm~ ds /d:Z:ld:Z:2Fa/p(:Z:J,m2)Fa/p(:Z:2,m2)u[ab --. bbX](s)5(s - :Z:1:Z:2S). 
J<lm~ 

(2.15) 

The bb pair can be produced both in color-singlet and color-octet states, however 

the color-octet cross section dominates. The transition of the bb pair to a color

singlet out-going bottomonium or meson state occurs through interaction with 

color field induced by the collision. The term "color evaporation" refers to this 

transition to a color-singlet state. 

Note that in (2.15) the mass range of integration is below the BB threshold. 

Thus, according to perturbative QCD the pair cannot decay by forming B mesons. 

It has been shown [19], however, that a significant fraction of the sub-threshold 

cross section u[bb] does in fact go into open bottom production, where the ad

ditional energy comes from the non-perturbative color field in the region of the 

interaction. Therefore, the theory only predicts the total sub-threshold cross sec

tion for bottomonium and open bottom production, not the relative contributions. 

The result of this theory is that the dynamics of the open production and bound 

state production are the same. The important consequence of this is that the ratios 



45 

of the different bound state cross sections should be independent of energy, XF, 

and PT' It follows that the factors FnJPc in (2.14) are constant with respect to 

energy, XF, and PT. A great triumph of this theory is its ability to predict the 

energy dependence of the T cross section over a wide range of energies, using only 

values of FnJl'c determined from low energy data. This result has been confirmed 

with data [25]. 

2.1.3 New Factorization Approaches 

The two models described above start from quite different hypotheses in order 

to describe the production of quarkonium. In the color-singlet model, it is as

sumed that the bound state is formed at short distances, with the non-perturbative 

part contained in the Bethe-Salpeter wavefunction part. Conversely, in the color

evaporation model a bb pair is created at short distance and later forms into bot

tomonium or into B mesons. For experiments at center-of-mass energies below 100 

GeV, these calculations [7,26, 27,28,29] have been sufficient to describe the data 

[17, 30, 18, 31, 32, 33, 34, 35, 36], as discussed in Chapter 1. 

There is much recent work [25, 10, 15] on models which attempt to factorize 

these short and long distance effects in hopes of providing a better description of 

the bottomonium and charmonium data from recent high energy experiments. 

2.1.4 Theoretical Uncertainties 

There are several theoretical uncertainties that may be significant. The calcula

tions require the input of parameters which are proportional to the magnitude of 

the wavefunction at the origin and the derivative of the wavefunction at the ori

gin. These parameters have uncertainties of the order of 50%. In the color-singlet 

model calculation used for comparison with our results it is expected that logarith

mic infrared divergences will spoil the factorization for P-waves. Thus we expect 
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the model to have no predictive power at low Pt. There are uncertainties due to 

the choice of structure functions that can be of the order of 20%. Uncertainties 

in the choice of renormalization and factorization scales result in uncertainties of 

order 10% in the predicted cross section. For Pt above approximately 2 Ge V / c, 

the overall uncertainty in the theoretical prediction is of order 50%. 

2.2 Drell-Yan Production in Hadron Collisions 

The parton-level process shown in Fig. 2-2(a) is the leading order contribution to 

the Drell-Yan production cross section. The cross section corresponding to this 

diagram is given by [37] 

(2.16) 

where eq is the fractional charge of the quark, and V'Q2 corresponds to the invariant 

mass of the lepton pair. It is trivial to write (2.16) as a differential cross section 

in Q2 at the parton level: 

(2.17) 

where 

(2.18) 

The delta function in (2.17) comes from conservation of energy. The cross section 

for pp collisions can be obtained by simply embedding the parton-level cross section 

in the hadronic process 



47 

where the sum is over all possible qq pairs that can be formed from the valence 

and sea constituent quarks of the colliding proton and antiproton. The factor of 

three reflects the fact that there are three colors and that the q and q must be of 

the same color to give a virtual photon, which is colorless. Since the q and q carry 

fractions 3:q and 3:q of the proton or antiproton momentum, respectively, one can 

rewrite (2.18) as 

(2.20) 

where 8 is the center-of-mass energy squared of the proton and antiproton. Substi

tuting (2.17) and (2.20) into (2.19), one gets the complete expression for the cross 

section 

dufpp -4 l+ l-X] 47ra2 ! ! 
dQ2 = ~ ~ d:I:q d:I:q[Fq/p(:I:q)Fq/p(3:q) + 

Fq/p(:I:q)Fq/p(:I:q)]6 (1 - 3:q:I:q ~2 ) • (2.21) 

If both sides of (2.21) are multiplied by Q4, the resulting cross section is only 

a function of the ratio Q2 / 8 

(2.22) 

The fact that this quantity depends only on the ratio Vi = Q / Vs ~ m'Y· / Vs and 

not on Q2 or Vs is evidence that the constituents of the proton and antiproton are 

point-like objects. This phenomenon, known as scaling, is approximately obeyed 

by the data over a wide range of energies, as discussed in Section 1.2. Scaling can 

be violated by QeD through gluon emission, which gives a Q2-dependence to the 

structure functions 

Higher-order contributions can add as much as 50% to the cross section over the 

Q2 range of this analysis. A calculation including all contributions to O(a8 ) and 
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Table 2-1: Input parameters to the calculation of the Drell-Yan cross section. The 
parameter /La is defined to be /L5 = m 2 + p}. 

Inputs to the Drell-Yan Cross Section Calculation 

Factorization Scheme 
Structure Function Set 

QCD Scale 
Renormalization Scale 

Factorization Scale 
Rapidity Region 

MS 
MRSDO 

A~bD = 215 MeV 
/Lr = /La 
/LI = /La 
Iyl < 0.7 

most of the important O( a~) contributions is available as a program from Van 

Neerven [21] and was used to compare with the results of this analysis. The 

K-factors determined from this calculation, after inclusion of contributions from 

O(as ) and O(a;), range from about 1.2 to 1.5, as shown in Fig. 2-3. The higher

order diagrams which contribute most to the K-factor are shown in Fig. 2-2(b)-(d). 

Using this program, with the input parameters shown in Table 2-1, the cross section 

expected at D0 was calculated. This cross section as a function of mass is shown 

in Fig. 2-4. 
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Figure 2-2: (a) Born contribution to Drell-Yan production. (b)-(d) Most important 
higher-order processes. 
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Figure 2-3: Drell-Van K-factor for higher order corrections after inclusion of pro
cesses to O(as ) and to O(a~). 
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Chapter 3 

The DO Experiment 

The D0 detector was designed to study high mass states and large PT physics 

from PP interactions at .,;s = 1.8 TeV, with a primary emphasis on discovery of 

the top quark and precision studies of the Wand Z bosons. The D0 detector is 

also suitable for studies of perturbative QeD, including b-quark hadron and Drell

Van production, as well as searches for new phenomena such as leptoquarks and 

supersymmetric particles. 

To achieve these goals, the detector was designed to have good identification 

of electrons and muons, good measurement of large PT parton jet profiles and 

energies, and good measurement of missing transverse energy (~r) for identification 

of neutrinos and other non-interacting particles. 

The overall design of the detector consists of a central tracking volume of radius 

75 cm surrounded by a thick, finely segmented liquid argon calorimeter. Outside 

the calorimeter are three layers of proportional drift tube muon detectors (PDT's) 

with a thick iron toroidal magnet between the first and second layers. The thick 

calorimeter and iron toroid act as an absorber to minimize the effects of hadron 

punchthrough, which is a potential source of fake muons. The punchthrough back

ground is less than 0.5% of all muon tracks. Fig. 3-1 shows these subsystems in a 

cutaway view of the D0 detector. A more detailed description of the D0 detector 

can be found in reference [38]. 



53 

:1 

-1 
<,r ", 

) J 

. ' \ 
\ 
\\_. 

. 1 .' 

I. ' 

D~ Detector 

Figure 3-1: Overall cutaway view of the D0 detector, showing the muon detector 
chambers and central toroidal magnet, the liquid argon calorimeter, and the central 
tracking chambers. 
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3.1 The Fermilab Tevatron pp Collider 

The Tevatron pp collider at Fermilab is the highest energy particle accelerator in 

the world. The D0 detector surrounds one of two luminous regions in the collider, 

shown in Fig. 3-2. The quality and quantity of the D0 data depends strongly on 

the performance of the accelerator as well as the detector systems. During Run lA, 

the peak luminosity attained was'" 1 X 1031 S-1 cm-2, approximately twice what 

was anticipated at the start of the run. 

The Tevatron collider consists of seven particle accelerators [39]. The Cockcroft

Walton preaccelerator, Linac linear accelerator, and Booster synchrotron, shown 

in Fig. 3-2, are responsible for producing and accelerating protons to 8 GeV. From 

the Booster, protons are transferred to the Main Ring, where they are ramped to 

an energy of 150 Ge V. The Main Ring consists of a string of 774 dipole and 240 

quadrupole magnets and 18 dual gap RF cavities in a ring of radius 1000 m. The 

Main Ring RF system operates at about 53 MHz, giving 1113 RF buckets around 

the ring. From here the protons are transferred to the Tevatron where they are 

ramped to the full energy of 900 GeV. The Tevatron, which is situated about 60 

cm below the Main Ring in the same tunnel, utilizes a string of 774 dipole, 216 

quadrupole magnets to maintain a circular orbit of radius 1000 m. All dipole, 

quadrupole, and correction magnets in the Tevatron are superconducting and are 

maintained at a temperature of 4.6 K. The Tevatron may be used as a source of 

900 Ge V protons for fixed target experiments, or may be run in collider mode, 

using counter-circulating beams of protons and antiprotons. 

Antiprotons are produced by the Antiproton Source, which consists of the Main 

Ring, a fixed target area, the Debuncher, and the antiproton Accumulator. Pro

duction or "stacking" of antiprotons in preparation for the next "store" is typically 

done while the Tevatron is delivering pp collisions to the D0 and CDF detectors. 

Antiprotons are produced using a 2.4 s cycle. The first step in this cycle is to 
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generate 8 GeV protons using the Cockcroft-Walton, Linac, and Booster. From 

the Booster, protons are injected into the Main Ring and ramped to an optimum 

energy of 120 Ge V for the production of antiprotons. During this injection into the 

Main Ring and the ensuing transition period, there are considerable beam losses 

which affect data collection at D0, as will be discussed in Section 3.5.2. 

The 120 GeV protons are directed into a nickel target, which yields about 107 

antiprotons per 1012 incident protons. A dipole magnet is used to select 8 GeV 

antiprotons, which are directed into the Debuncher ring. The remaining beam is 

directed into a beam dump. In addition to capturing antiprotons from the fixed 

target, the Debuncher reduces the momentum spread and transverse beam profile 

through a process known as stochastic cooling. After reduction of their phase 

space in the Debuncher, antiprotons are transferred to the Accumulator, where 

they are adiabatically decelerated by 150 MeV, to a stable orbit called the "stack 

core". In the Accumulator, the momentum spread and transverse beam profile are 

controlled using stochastic cooling systems. 

When needed for pp collisions, the antiprotons are transferred from the Ac

cumulator to the Main Ring, where their energy is ramped to 150 Ge V before 

injection into the Tevatron. In the Tevatron, proton and antiprotons are acceler

ated to 900 GeV each, yielding a center-of-mass energy of 1.8 TeV. Protons and 

antiprotons are injected into six approximately evenly spaced RF buckets around 

the Tevatron, resulting in a bunch crossing time of approximately 3.5 /LS. These 

counter-circulating bunches pass through each other at the luminous regions B0 

and D0. Once the beams are stable, the luminosity in these regions is dramatically 

increased by focusing the beams to a transverse width of CTx,y ~ 40 /Lm resulting 

in a longitudinal interaction region of CTz ~ 30 cm. This focusing is accomplished 

using a pair of superconducting low-beta quadrupole magnets situated at either 

end of the D0 and CDF detectors. 
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Figure 3-2: The Fermilab Tevatron pp collider with luminous regions at D0 and 
B0. 
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Figure 3-3: Thickness in interaction lengths of the D0 calorimeter and muon 
toroids as a function of polar angle. 

3.2 Muon Detectors 

Because of the small probability for hadronic punchthrough, good identification 

of muons down to 3 GeV Ic in P~ is possible using the D0 muon detector. This 

feature allows for identification of muons in band c quark jets using a soft muon 

tag. For these analyses, positive identification of low PT muons is essential, due 

to the soft PT spectrum of muons from Drell-Van production and T decays. The 

small central tracking volume helps to minimize backgrounds from in-flight muonic 

decays of pions and kaons before reaching the calorimeter. Another feature of the 

D0 muon system, not utilized in this analysis, is its pseudorapidity coverage to 

3.4. 

The muon detector is physically divided into two subsystems, the wide angle 

muon spectrometer (WAMUS) and the small angle muon spectrometer (SAMUS). 

Both systems use toroidal magnetic fields between the first and second layers for 
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Figure 3-4: Elevation view of the D0 Detector showing the five muon toroids and 
the approximate arrangement of the A, B, and 0 layers of proportional drift tubes. 

charge and momentum determination, as shown in Fig. 3-4. In WAMUS, this 

magnetic field is provided by the central toroid (OF) in the region 1111 ~ 1 and the 

end toroids (EF's) in the region 1 < 1111 ~ 2.5. The SAMUS toroid fits within the 

hole of the EF's and covers the region 2.5 < 1111 ~ 3.6. 

A muon must have a momentum of at least 3 Ge V I c at 11 = 0 increasing to 

about 5 GeV Ic at large 11 in order to traverse the rv 13 - 20 nuclear absorption 

lengths (A) of the iron toroid and calorimeter. The thickness in interaction lengths 

as a function of polar angle is shown in Fig. 3-3. While acceptance is limited in 

the bottom of the detector by the support structure for the calorimeter and also at 

the boundary of the OF and EF toroids, most of the solid angle is instrumented. 
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3.2.1 The Wide Angle Muon Spectrometer (WAMUS) 

The WAMUS proportional drift tube chambers (PDT's) cover the region from 

o < 1111 ~ 2.5. Muons are detected by three layers of PDT's: the "A" layer 

which is inside the iron toroid, just outside the calorimeter, and the "B" and "0" 

layers which are outside the toroid. The PDT's are oriented with their anode 

wires perpendicular to the bend direction of muons passing through the toroidal 

magnetic field. Using the measured drift time and the known drift velocity of the 

charge in the active medium, it is possible to accurately determine the position of 

the muon track in each cell relative to the anode wire 

where td and Vd are the drift time and drift velocity and to is the beam crossing 

time. The active medium within the drift region of the tubes is the trinary gas 

mixture Ar(90%)/OF4 (5%)/002(5%), which has a drift velocity of approximately 

6.5 cm/ /LS, but this varies with E across the cell [40, 41]. 

The A-layer chambers are constructed of four planes of 10 cm wide drift cells, 

while the B- and O-layer chambers are constructed of three planes. This redun

dancy helps to increase the efficiency of detecting muons. Each drift cell consists 

of a 50 /Lm gold-plated tungsten anode wire in the center of the cell and cathode 

pads above and below the wire, each with two electrically isolated diamond-shaped 

pads, shown in Fig. 3-5. The cathode pads are held in place by an aluminum ex

trusion that makes up the cell body. The anode and cathodes are held at +4.65 kV 

and +2.30 kV, respectively, to create an approximately uniform electric field. Each 

cell has a measured drift distance resolution of approximately 0.30 - 0.5 mm. 

The drift cell planes, known as "decks", are offset transversely relative to neigh

boring decks. In any given cell, tracks on different sides of the anode wire with the 

same drift time will be assigned the same drift distance. The offset of cells in dif-
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Figure 3-5: The electrically isolated inner and outer vernier pads of the cathode. 
The diamond pattern has a repeat cycle of 61 cm. 

ferent decks is used to break this ambiguity in the sign of the drift distance. Using 

drift time information from all 10 planes of chambers and the known positions of 

the wires, it is possible to the accurately determine the trajectory of the muon in 

the bend direction, from which its momentum and rapidity can be calculated. 

The WAMUS PDT's can also determine the azimuthal position of hits used 

to determine the cp-coordinate of tracks. Anode wires of neighboring cells are 

read out from one end and connected at the other. This allows the hit position 

along the wire to be determined with a precision of 9 to 23 cm by measurement of 

the difference in signal propagation time down the wires, At. Increased position 

resolution of approximately ±1.6 mm is obtained using the ratio of independently 

measured charges on the inner and outer diamond shaped vernier pads of the 

cathode. 

Measurement of momentum is accomplished using the bend angle in the 1/

direction and f Bdt to calculate the momentum. The bend angle is determined by 

matching the line segment outside the toroid, determined from hits on the Band C 



61 

layers, with the segment inside the toroid, formed from hits on the A layer and the 

projection of the BC segment to the center of the toroid. If only two layers have 

hits, a track can still be formed using the event vertex as a point. The projection 

of the fixed track segment to the center of the toroid is used as a point on the 

segment which is missing a layer. The momentum resolution for reconstructed 

muons is given by 

[ 

2 ]1/2 
8(11 P) = (O.lS(P - 2)) (000Sp)2 
(liP) P +. (3.1) 

The resolution is limited primarily by multiple Coulomb scattering in the iron 

toroid at low PT (first term in (3.1)), and by the limitations in resolution of the 

PDT's in the drift direction at high PT (second term in (3.1)). The muon momen

tum resolution is discussed further in Chapter S. 

3.2.2 The Small Angle Muon Spectrometer (SAMUS) 

The SAMUS PDT's cover the region 1. 7 < 1711 ~ 3.5, with exclusive SAMUS 

coverage of the region 2.5 < 1711 ~ 3.5. While the SAMUS stations also use PDT's 

to detect muons, the scheme for measuring the position of hits on tracks differs 

considerably from that used in WAMUS. As in WAMUS, there are three layers of 

chambers: the "A", "B", and "C" stations, however, in each SAMUS station there 

are three layers of 3 cm diameter tubes, oriented in the horizontal (:c), vertical (y), 

and diagonal (u) directions. The diagonal tubes are necessary to remove ambiguous 

:cy-combinations caused by multiple hits. Only drift time information is used in 

the SAMUS determination of the hit position. Since all muons used in this analysis 

were restricted to the central rapidity regions of the De> detector, further details 

of the SAMUS detector will not be discussed, however additional information can 

be found in [3S]. 
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3.3 Calorimeter 

The De> calorimeter is optimized for good determination of electron and parton 

jet profiles, both in the transverse and longitudinal directions, as well as good 

measurement of their energies. The readout segments are arranged in a "pseudo

projective" fashion, in that they form readout towers which point to the center of 

the interaction region, as shown in Fig. 3-6. 

In order to make a good measurement of missing transverse energy (:Jl T), 

it was necessary that the calorimeter be hermetic, while still allowing access to 

the central detectors. To meet these requirements, the calorimeter is physically 

divided into three separate cryostats: the central calorimeter (CC) and two end 

calorimeters (EC's), which cover out to 1111 ~ 4, with the cryostat boundary spaces 

approximately perpendicular to the proton beams, as shown in Fig. 3-7. To better 

maintain hermeticity, these spaces were instrumented with arrays of 384 scintillator 

tiles and readout known as the intercryostat detectors (lCD's), and with single

celled readout structures called massless gaps. The calorimeter is also quite thick, 

ranging from 7.2A at 1111 = 0, to 10.3A at high 1111. 

The calorimeter is composed of three functionally distinct layers, all of which 

utilize alternating layers of absorber material and segmented readout, in which 

liquid argon is the active medium . 

• The Electromagnetic (EM) section of the calorimeter is composed of four 

readout layers separated by 3 mm and 4 mm thick depleted uranium ab

sorber plates in the CC and EC, respectively, giving a total thickness of 

approximately 20 radiation lengths (Xo). The segmentation of the readout is 

tl.11 ~ 0.1 and tl.~ ~ 0.1 for all but the third layer, which has finer segmen

tation of tl.11 ~ 0.05 and tl.~ ~ 0.05, to allow for more precise measurement 

of EM shower shapes at the depth of maximum energy deposition. Since 

photon and 71"0 shower profiles differ most significantly early on in the evolu-
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Figure 3-6: Cutaway side view of the central and end calorimeters, showing the 
pseudo-projective geometry of the calorimeter towers. 
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Figure 3-7: Cutaway view of the end and central calorimeters. Both the fine and 
coarse segmentation of the hadronic section of the calorimeter can be seen. 
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tion of the shower, the first and second layers are only 2Xo thick, to take full 

advantage of this effect. Fig. 3-8 shows the layout of the EC EM module . 

• The Fine Hadronic (FH) section is segmented in 0.1 wide cells in TJ and ¢ 

to give sufficient resolution for determination of parton jet profiles, typically 

about D..R rv 0.5, where 

is the cone size of the jet, defined in terms of the width in pseudorapidity 

D..TJ and the angular width in the azimuthal direction D..¢. In order that 

the longitudinal shower profiles may be studied, the FH cells are ganged 

longitudinally into three readout layers of approximately 1.3, 1.0, and 0.9 A 

each in the CC. The FH sections utilize 6 mm plates of uranium-niobium 

alloy as the absorber material. 

• The purpose of the Coarse Hadronic (CH) section of the calorimeter is to fully 

contain fragments from high energy jets so that a good energy measurement 

can be made. Since the longitudinal profile is not of interest in this region, the 

CH is ganged into one readout layer of 3.2 A. The cn sections use 46.5 mm 

copper and stainless steel absorbers in the CC and EC's, respectively. 

Each readout cell consists of a layer of absorber material in which the particle 

interacts, producing a shower of particles, and a layer of liquid argon, which be

comes ionized by particles in the shower. The electrons from this ionization are 

collected at the anode side of the cell. The liquid argon filled gaps are 2.3 mm 

thick, with an electric field of approximately 10,000 V / cm, giving a maximum drift 

time of approximately 450 ns for electrons. In order that the signal be read out 

in the 3.5 ps before the next pp bunch crossing, it is necessary that each readout 

cell and cabling have a capacitance less than 5 nF. The initial stage of the cell 
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Figure 3-8: Segmentation of the end calorimeter electromagnetic module. 
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readout electronics is a charge-sensitive hybrid preamplifier, located immediately 

outside the cryostat. The preamplifier outputs are sent over approximately 30 m of 

twisted pair cable to the baseline subtract or (BLS) modules for signal shaping and 

conditioning. Finally, the signals are sent from the BLS modules on the detector 

platform over approximately 50 m of twisted pair cable to the movable counting 

house (MCR), where digitization of the analog signal occurs. 

3.4 Central Tracking Systems 

The D0 Central Detector (CD) was designed to detect tracks of charged particles 

and to help distinguish hadrons and electrons. Since there is no magnetic field 

in the tracking volume, information about particle momentum is not obtained 

from the CD. Fig. 3-9 shows the subsystems of the CD. In the interest of electron 

and photon identification, the CD employs primarily low density materials such as 

carbon fiber, titanium, and aluminum, in as small amounts as possible, to minimize 

the chance for photons to convert before reaching the calorimeter. The CD consists 

of four subsystems: 

• The Vertex Drift Chamber (VTX), which is the innermost of the CD cham

bers, has three layers of sense wires for determination of the r-¢ coordinate 

of tracks. It is used for determining the coordinates of the collision point as 

well as for tracking of charged particles. Measurement of the z-coordinate 

is accomplished using resistive sense wires with readout at both ends. The 

electric field is provided by sets of field and grid wires, shown in Fig. 3-10. 

The VTX provides position resolution of approximately 50-60 JLm for charged 

particle tracks. 

• The Central Drift Chamber (CDC) resides outside the TRD and covers the 

the central", regions. It is similar to the VTX in layout, but has four layers 
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of 32 cells each and uses the signals induced by the anode wires on nearby 

delay lines, which are read out at both ends to determine the z-coordinate. 

The CDC is used to determine the position of tracks from charged particles 

with a resolution of 150-200 !Lm. 

• The Forward Drift Chambers (FDC's) cover the small angle regions of the 

tracking volume; down to () R: 5°. Each FDC has three layers of chambers: 

two E> modules with wires oriented perpendicular to the beam, rotated 45° 

relative to each other, and a q; module which has its wires oriented radially 

relative to the beam. Information from the FDC's is not used in this analysis . 

• The Transition Radiation Detector (TRD) is used to improve electron identi

fication by helping to distinguish electrons from hadrons. The TRD consists 

of a radiation chamber section, which contains media of alternating high 

and low dielectric constant, followed by a detector section. When passing 

through the radiation chamber, a highly relativistic particle will produce a 

distribution of transition radiation x-rays, which is peaked at approximately 

8 ke V. These x-rays convert in the early stages of the detection chamber and 

the charge is measured by proportional wire chambers (PWC's). Both the 

amount of charge and its time of arrival at the PWC are useful in separating 

electrons from hadrons. Since reconstructed electrons were not used in this 

analysis, information from the TRD was not used. 

3.5 Trigger Systems 

At a typical running luminosity of 5 x 1030 cm-2 S-1 inelastic collisions occur at a 

rate of approximately 1.5 X 105 S-I. Since it is only possible to write 2 events per 

second to tape, the trigger system must decide which are interesting, and reject all 

others. This task is accomplished using a three-level trigger system. The Level 0 
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Figure 3-10: Layout of the field, sense, and grid wires in the end view of the VTX. 
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trigger detects the presence of inelastic collisions in the interaction region, based 

on information from scintillation counters near the beam pipe at each end of the 

calorimeter. Muon, jet, and electron candidates as well as events with large :Jlr 
are selected by specific Levell hardware triggers for each object. These triggers 

feed into the Levell Trigger Framework, which makes a decision based on the 

requested combination of Levell objects. The Levell triggers reduce the inelastic 

rate out of Level 0 to less than 200 S-I. There is an additional layer of trigger 

hardware, known as the Level 1.5 trigger, which was be used to further reduce the 

Levell rate by a factor of two for some physics triggers. Potentially interesting 

events selected by the Levell and Level 1.5 triggers are passed along to the Level 2 

software filter. The Level 2 filter performs a reconstruction of all objects at the full 

resolution of the detector and decides whether or not to write the event to tape. 

3.5.1 Level 0 Trigger 

Inelastic collisions in the interaction region of the D(2) detector are detected and 

triggered on by the Level (2) trigger. The Level (2) trigger also serves to monitor 

luminosity, provide a relative zero time, and provide a fast measurement of the 

z-coordinate of the collision vertex for use by subsequent triggers. The input 

signal for the Level (2) trigger comes from two hodoscopes of scintillation counters, 

situated at either end of the calorimeter in the rapidity region 1.9 < 1/ < 4.3. 

The time resolution of each counter is 100-150 ps, which is sufficient to determine 

the event vertex z-coordinate with an accuracy of approximately 8 cm, using the 

difference in arrival times of particles in each end. This measurement of the z

coordinate is available in time to be used in the determination of jet Er by the 

Levell jet trigger. Using the full Level (2) detector information, this determination 

is improved to ±3 cm in time to be used in the Level 2 jet reconstruction. 
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3.5.2 Level 1 Triggers 

Levell Trigger Framework 

The Levell trigger decision must be made within the 3.5 p,s between bunch cross

ings to avoid introducing dead time. Thus, the Levell trigger is composed entirely 

of hardware logic devices, which can arrive at a quick decision. The Levell Trigger 

Framework collects decisions from each of the Levell triggers for specific objects. 

Triggers based on accelerator clock timing may also be used as input. The Levell 

Trigger Framework consists of a two-dimensional AND/OR network, which ac

cepts up to 256 input bits from specific Levell triggers and outputs up to 32 

different preselected Level 1 trigger conditions formed from combinations of these 

256 specific trigger bits. These trigger conditions are selected by trigger menus 

and downloaded from the host VAX cluster. If one of these trigger conditions is 

satisfied the detector is read out. If confirmation of a Levell trigger by Level 1.5 

is required in any of the conditions, new events are held off and the detector is not 

read out until a Level 1.5 trigger has made its decision or another condition is sat

isfied, whichever comes first. Thus, it is possible that dead time of approximately 

10-20 p,s could be introduced while waiting for the Level 1.5 trigger to reach its 

decision. However, this deadtime is negligible compared with other sources in the 

D0 detector. The Levell Trigger Framework also handles prescaling of Levell 

triggers which have rates that are too high for Level 2. 

Levell Muon Trigger 

Each of the 16,694 drift cells of the muon system has a corresponding pad latch 

bit in the chamber electronics, which is set when the charge accumulated on the 

cathode pad surpasses a preset threshold. This pad latch information is made 

available to the Levell muon trigger through the Module Address Cards (MAC's). 

Using input from cells on all planes of the module, the MAC's form addresses 
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known as centroids which correspond to the z-coordinate of the half-cell most 

likely hit by the track. The granularity of the centroids is 5 cm in WAMUS and 

1.5 cm in SAMUS. The MAC cards reside in custom VME crates in the movable 

counting house (MCH) along with the analog-to-digital converter (ADC) cards. 

The MAC's provide "coarse centroid" outputs, the logical OR of 3 (4) centroids, 

to the WAMUS (SAMUS) Levell trigger and "fine centroid" outputs, which retain 

the full resolution of the MAC centroids, to the Level 1.5 trigger. The MAC's also 

perform zero suppression. 

At the input of the Levell Muon trigger, another logical OR of the coarse 

centroids is performed, resulting in a 60 cm wide hodoscopic pattern used for 

triggering, shown for one WAMUS octant in Fig. 3-11. In WAMUS, Levell muon 

triggers may be formed from combinations of centroids on two or three layers of 

chambers, as shown in Fig. 3-11. The trigger decision is made by the Coarse 

Centroid Trigger (CCT) cards, which utilize pattern recognition logic on EPLD's 

to allow for a quick decision. 

Trigger decisions from the CCT's are also sent to the Trigger Monitor card 

(TRGMON) in the Muon Supervisor crate which maps the Levell and 1.5 decisions 

by octant into 16 trigger states which are used as input to the AND JOR network of 

the Trigger Framework. Configurations which define this mapping are sent to the 

TRGMON from the Muon Trigger Control Computer (MUTCC), which receives 

these from the host VAX computers during the download of the trigger menu. The 

MUTCC also records these for readout in the data stream. The Muon Supervisor 

crate handles the distribution of all timing signals from the Trigger Framework to 

the trigger crates. 
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Interaction Region 

Figure 3-11: Coarse centroids used by the Levell trigger. Hits on two or three 
layers may form a Level 1 trigger. 
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Level 1.5 Muon Trigger 

Like the Levell muon trigger, the Level 1.5 muon trigger is also a hardware

based trigger, however, it makes its trigger decision based on the full resolution of 

the MAC centroids, allowing for a sharper momentum cut and better rejection of 

combinatoric backgrounds. When a good Level 1 trigger is received by the Trigger 

Framework, the MAC's begin strobing their centroids to the Octant Trigger Cards 

(OTC's), which search for Level 1.5 triggers in a given detector octant. The OTC's 

have three sets of inputs, corresponding to the three layers of muon chambers in 

WAMUS. Each possible combination of centroids corresponds to two addresses in 

the lookup memories. The trigger decision is based on the value of bits at these 

locations. To save processing time, the OTC's can process up to 16 centroids in 

parallel. 

A given muon momentum threshold corresponds to some maximum bend angle 

in the iron toroid. Lookup tables are generated on the VAX cluster by calculating 

all possible centroid combinations corresponding to bend angles less than that of 

the threshold momentum. These tables are transferred from the VAX cluster to five 

four-megabyte battery backed-up memory modules in the MCH. This intermediate 

step is necessary to facilitate quick downloading of OTC's in the event that power 

to the VME crate is lost. Loading and decompression of lookup table data from 

the memory modules to OTC lookup memories in each of the five trigger crates is 

done by programs running in the Muon Trigger Control Computer (MUTCC). 

In SAMUS, the strategy used by the Level 1.5 trigger is more complicated. A 

first layer of "pair find" OTC's compares hits in the 3!, y, and u planes in the B layer 

to find candidate space points in that layer. A second layer of "road find" OTC's 

searches for roads using three layers of 3! and y centroids, separately, corresponding 

to bend angles less that of the threshold momentum. A final layer of "kinematic" 

OTC's searches for matches between 3-D points from the "pair find" OTC's and 
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roads from the "road find" OTC's. 

Level 1.5 trigger decisions in each of the five trigger regions, corresponding to 

coverage by the CF, two EF, and two SAMUS toroids, are collected by the OTC 

Manager (OTCMGR) card. The OTCMGR reports the number of Level 1.5 trig

gers in each trigger region to the TRGMON, which maps this information into the 

AND/OR terms requested in the trigger menu. The OTCMGR is also responsible 

for supplying trigger information for readout into the data stream. Levell trig

ger decisions for each q,-octant, which are latched by the Coarse Centroid Trigger 

Latch (CCTLAT) cards, are also read into the data stream through the OTCMGR. 

This information can then be used to monitor trigger performance or to guide the 

Level 2 reconstruction. 

Main Ring Veto Triggers 

Concurrent with Tevatron collider operation, the Main Ring accelerator is used for 

p stacking operations. The Main Ring is situated in the beam tunnel just above 

the Tevatron ring, and passes through the Coarse Hadronic section of the calori

meter, just within the "A" layer muon chambers. Because of its close proximity 

to the muon system, there is a large multiplicity of hits in the muon chambers 

while the Main Ring is in operation. During the injection and transition phases 

of the p production cycle ("event 29" cycle) these losses are so great that the high 

voltage in the muon chambers near the main ring may temporarily sag. There is 

an approximately 400-500 ms recovery time of the high voltage after the initial 

injection. To avoid this problem, the MRBS_LOSS veto was installed. MRBS_LOSS 

uses the clock signals from the accelerator to veto events during injection and tran

sition periods, approximately a region between 0.1 and 0.5 s, of the p production 

cycle. This results in approximately a 17% loss in luminosity. 

After transition, there is still a large multiplicity of hits in events where the 
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main ring proton bunches pass through the detector in coincidence with a pp bunch 

crossing in the Tevatron. These events are vetoed by the MICRO_BLANK veto, which 

also uses timing information from the accelerator clock. MICROJJLANK vetoes 

approximately 3 JLS of a 21 JLS cycle, resulting in an additional loss in luminosity 

of 9%. These triggers are input to the AND/OR network of the Levell Trigger 

Framework and were required in all Run 1A muon triggers. 

3.5.3 Level 2 Filter 

The software-based Level 2 filter is the last stage of filtering necessary for an 

event to be saved on tape. The Level 2 filter is responsible for filtering an input 

of ",200 S-l down to ",2 S-l that can be logged to tape. Events which pass a 

Levell trigger are digitized and read out on data cables into one of 50 Level 2 

VAX workstations. Here, a partial reconstruction of the event is performed using 

the full resolution of the detector. The Level 2 reconstruction consists of several 

"tools", corresponding to objects reconstructed in Level 2, such as muons, jets, and 

EM calorimeter clusters, with adjustable output parameters. These Level 2 tools 

contain versions of the offline reconstruction algorithms which were optimized for 

speed. In order to avoid causing deadtime, the processing time for an event should 

be less than'" 350 ms. Typical processing times are'" 200 ms. The trigger menu, 

which is downloaded at the start of a run, is composed of up to 128 "scripts". A 

script is comprised of a Levell requirement and any combination of Level 2 tools 

with the desired output parameters, such as PT threshold or number of objects. 

Events passing any Level 2 filter are written to disk and finally to tape. 
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Chapter 4 

Data Selection 

In order to select good dimuon events and enrich the contributions from T and LO 

Drell-Van processes, a series of cuts were applied to the data set. Both samples were 

selected using the same trigger and selection criteria and were separated later using 

the maximum likelihood fit method described in Chapter 7. In this chapter, the 

collection, processing, and selection of the combined T and Drell-Van data sample 

is described. The determination of the integrated luminosity corresponding to this 

data sample, which is necessary to determine the T and Drell-Van production cross 

sections is also described. The discussion of the offline selection is separated into 

"offline muon identification" cuts, whose efficiencies will be the same for T and 

Drell-Van, and offline "event selection criteria", whose efficiencies may be different 

for T and Drell-Van events and may depend on the transverse momentum or mass 

of the dimuon pair. 

4.1 Data Collection and Processing 

Data for these analyses were collected during the 1992-93 collider run at Fermilab. 

The data set was restricted to runs after January of 1993, when the dimuon trigger 

acceptance was improved. Data from bad runs, where there were problems with 

the detector, trigger, or data acquisition system, were removed from the sample 
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[42]. 

4.1.1 Event Reconstruction 

Once the data were collected and written to tape, it was necessary to reconstruct 

the momenta and trajectories of particles from the detector hit information. All 

data were processed with versions 11.17 - 11.19 of the reconstruction. As part of 

the reconstruction, events were written to different output streams based on their 

physics content, as described below. After streaming, a program to fix problems 

with the muon global fit in the official version 11 reconstruction was run on the 

data. While not important for this analysis, a program package to calibrate the 

jet, electron, and missing transverse energy scales [43] was also run. 

4.1.2 B Physics Data Stream 

A set of loose cuts based on the reconstructed muon information were applied to 

select events for the b physics dimuon stream, B2M, which is a subset of the total 

ALL stream data sample. As shown in Table 4-5, approximately 6% of the total 

sample was selected for the b physics dimuon stream. Each event in the stream 

must have at least two reconstructed muon tracks satisfying the following three 

criteria: 

• Muon Quality. 

There must be at least one pair of reconstructed muon tracks whose quality 

flags sum to 2 or less. The meaning of this quality flag is described in detail 

in Sec. 4.4. 

• Calorimeter Energy. 

For each of the muon tracks the calorimeter energy summed along the track 

and two nearest neighbor cells must be greater than 1 GeV. A tighter cut to 
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the minimum ionizing energy is made in the event selection, however. 

• Cosmic Ray Rejection. 

The 3-D opening angle is defined by taking the dot product of the direction 

cosines of the track segments outside the iron toroid. The track information 

used for this was based on information from the muon system only, so the 

track was not forced to originate from the event vertex. It was required that 

the 3-D opening angle be less than 1600 or at least one muon track have a 

floating time less than 100 ns. The floating time parameter is described in 

Sec. 7.4. Further cosmic rejection cuts based on dimuon opening angle are 

made in the event selection described in Sec. 4.5. 

4.2 Dimuon Trigger Requirement 

All physics triggers require there to be a good Level 0 trigger. The Level 0 trigger 

is formed when hits in the Level 0 scintillators at both ends of the detector have 

arrival times corresponding to an inelastic collision within the interaction region 

of the D0 detector. At a typical instantaneous luminosity of 5 x 1030
, the inelastic 

collision rate sampled by the Level 0 trigger is 1.5 X 105 S-l. The Level 1 muon 

trigger requires hits in at least two of the three layers of WAMUS chambers. To 

satisfy this requirement, a muon must have a momentum of at least 3 Ge V / c to 

traverse the iron toroid and leave hits in the outer two layers of chambers. The 

Level 1 triggers reduce the input rate of 1.5 x 105 s-l to less than 200 s-l. The 

Level 2 filter performs an online version of the muon track reconstruction. With 

the more precise information available, cuts to track quality and momentum can 

be made to reduce the output rate to 2 s-l, which can be written to tape. 

Events were collected on the MU_2_HIGH Level 1 trigger and the MU-2_HIGH 

Level 2 filter. The MU_2_HIGH Level 1 trigger requires AND/OR terms corre-
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sponding to two Levell muon triggers with 1711 < 1.7 and the main ring vetoes 

MRBS.LOSS and MICRO..BLANK. The MU-2.HIGH Level 2 filter requires two muons 

reconstructed at Level 2 with p~ ;::: 3.0 GeV Ic and 1711 < 1.7. The MU.2.HIGH 

Level 2 filter also includes a cut on opposite tracks or hits in Level 2 based on 

the MUCTAG flag, described in Section 4.4.5. Two muon quality cuts, "common" 

and "tight", corresponding to maximum values of muon quality flag IFW4 of one 

and zero, respectively, are defined in the Level 2 filter. This flag has the same 

definition in the Level 2 and offline reconstructions and is described in Sec. 4.4. 

The MU.2.HIGH filter requires two muons to have quality of "common" or better, 

and one of the two to have quality of "tight". 

Three versions (7.1, 7.2, 7.3) of the trigger definition menu were used to collect 

this data sample. Different versions of the trigger menu correspond to different 

Level 2 executables or changes in trigger requirements, although these did not 

necessarily affect the MU.2.HIGH trigger. There was only one significant change 

to the Level 2 executable that occurred while the version 7.3 trigger menu was 

in place. This change involved loosening the requirement on the projection of 

the muon track to the vertex in the z-direction. No changes were made to the 

definition of MU_2.HIGH in the trigger menu during the period in which this data 

set was collected. 

The trigger versions, Level 2 executables, and STP file versions are listed in 

Table 4-1 along with the integrated luminosity corresponding to each configuration. 

The change to the Level 2 executable during this period that is important to this 

analysis was that the requirement of the fit of muon tracks to the vertex in the 

z-direction was relaxed during the version 7.3 trigger list. 
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Table 4-1: Versions of trigger list, Level 2 executable, and Level 2 STP file and 
the corresponding luminosity for each condition. 

Date [1993] Trigger Menu L2EXE L2 STP Runs J .edt [nb 1] 
Feb. 7 7.1.0 4.3 4.3 60369-60379 57 

7.1.1 60414-60420 65 
7.1.2 60473-60700 56 
7.1.3 4.4 4.4 60833-60834 18 

4.5 4.5 60835-60978 197 
4.6 4.6 60979-61617 1090 
4.7 4.7 61618-62149 705 

Mar. 10 7.2.0 4.8 4.8 62158-62199 161 
7.2.1 62200-63802 4449 

4.9 63803-63866 319 
Apr.21 7.3.0 64086-64094 97 

7.3.1 64096-64105 110 
7.3.2 64127-64278 1321 

4.9 64425-64675 516 
4.11 4.11 64676-65121 244 
4.12 4.12 65122-65421 340 
4.13 4.13 65422-65879 199 
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4.3 Integrated Luminosity Determination 

In order to calculate the cross section it was necessary to know the time-integrated 

luminosity sampled by the detector during the data collection period. While a 

complete discussion of this calculation may be found in the reference [44], an 

outline of the method is provided. 

In the limit of low instantaneous luminosity, where the chance for two in

teractions in a bunch crossing is negligible, the instantaneous luminosity can be 

calculated using the rate observed in the Level (2) trigger and the inelastic cross 

section sampled by the Level (2) trigger: 

( 4.1) 

The inelastic scattering cross section can be separated into single diffractive, dou

ble diffractive, and hard core scattering components. The "world average" cross 

sections for these process were determined using the E710 [45] and CDF [46,47,48] 

measurements of the total, elastic, and single diffractive cross sections. Using these, 

one can calculate observable Level (2) cross section 

where the efficiencies for each process, cso, coo, and CHe, were calculated using 

Monte Carlo samples processed with the D(2) version of GEANT. The efficiency of 

the Level (2) trigger, CL!ih was determined from the data. A summary ofthe numbers 

used in this calculation and the resulting observable cross section is included in 

Table 4-2. 

At the high instantaneous luminosities delivered during this running period, 

the effects of multiple interactions in a bunch crossing must be taken into account. 

The expression (4.1) assumes that the rate observed in the Level (2) counters is 

equal to the interaction rate. In practice, the Level (2) rate will be less than the 
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Table 4·2: Inputs to the calculation of the inelastic cross section observed by the 
Level 0 trigger. 

Inelastic Process 
SD Acceptance (eso) 
DD Acceptance (eoo) 
HC Acceptance (eHc) 

Inelastic Process 
SD Cross Section (O"so) 
DD Cross Section (0"00) 
HC Cross Section (O"HC) 

Observable Cross Section (O"L!2S) 

Acceptance [%] 
15.1 ± 0.8 (stat) ± 5.4 (sys) 
71.6 ± 1.1 (stat) ± 3.1 (sys) 
97.1 ± 0.5 (stat) ± 1.9 (sys) 

Cross Section [mb] 
9.54 ± 0.43 
1.15 ± 0.17 

48.25 ± 2.23 

46.7 ± 2.5 

interaction rate because multiple interactions are only counted once. Using Poisson 

statistics, the average number of interactions per crossing, n, is given by 

(4.2) 

where T is the beam crossing time of 3.5 /LS. The multiplicative correction factor 

to correct the observed instantaneous luminosity for multiple interactions is given 

by: 

Creal n 
Cobs - 1 - e-n • 

(4.3) 

Substituting (4.2) into (4.3) gives this factor in terms of measurable quantities: 

Creal _ -In(l - C obsTO"L!2S) 

Cobs - C obsTO"L!2S 
( 4.4) 

The average Levell prescale of the MU.2.HIGH trigger during the the period 

of this analysis, was approximately 5/3. This prescale depended on the instan· 

taneous luminosity delivered by the accelerator, however. It was necessary to 

determine what fraction of the luminosity was actually available to this trigger af· 

ter prescaling. Dead time introduced by the Levell Trigger Framework resulted in 
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Table 4-3: Criteria used to select good quality muons from the candidate tracks. 

Muon Selection Criteria 
Quality Flag 

MIP Deposition 
Muon-CD Track Match 

Global Fit Cut 
Cosmic Ray Flag 

IFW4 ::; 1 
2:1NN Eca\ ;:::: 1.0 Ge V 

A()/J-CD ::; 0.45 rad, Ac,o/J-CD ::; 0.45 rad 
X2 

/ d.o.f. ::; 100 
No MUCTAG Flags Set 

the loss of the next crossing after a good Levell trigger. Another important con

sideration when calculating the luminosity was dead time due to the MRBS_LOSS 

and MICRO_BLANK vetoes, described in Section 4.2. The luminosity used in this 

analysis was calculated using the offline luminosity utility [49], which accounts 

for pres cales, multiple interactions, and dead time caused by the Levell Trigger 

Framework and by the main ring vetoes. The integrated luminosity corresponding 

to the sample used for this analysis was determined to be 

f edt = 6.6 ± 0.4 pb- I
• 

4.4 Offline Muon Identification 

This section describes the cuts made to the data to select good quality muons from 

the data sample. In order to distinguish tracks of beam-produced muons from the 

backgrounds from cosmic ray muons and fake tracks from combinations of noise 

hits or hadronic punchthrough, cuts were applied to the parameters described 

below. These cuts are summarized in Table 4-3. 
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4.4.1 Muon Quality Flag (IFW4) 

The muon track quality flag is assigned a value in the Level 2 muon reconstruction 

based only on the fit to hits in the muon chambers and the event vertex. For each 

of the following criteria that fail, the flag word IFW4 is incremented by one: 

1. good fit in the bend direction 

2. good fit in the non-bend direction 

3. good fit to the event vertex in the bend direction (within approximately 3-5 

meters, depending on angle and momentum) 

4. good fit to the event vertex in the non-bend direction (within approximately 

3-5 meters, depending on angle and momentum) 

Two-layer tracks use the vertex as a point in the reconstruction fit, so these 

tracks will have a good fit to the vertex by definition. In order to be considered as 

a candidate muon by the Level 2 reconstruction, a track must have a quality flag 

of less than or equal to two. For the omine muon selection, a further cut of 

IFW4 ~ 1 

is applied. Tighter cuts are made in the cut to the global fit, which uses the CD 

track in the fit and imposes a tighter constraint on the fit to the WAMUS hits. 

4.4.2 Minimum Ionizing Energy Deposition 

Energy in the calorimeter consistent with the passage of a minimum ionizing parti

cle is required in order to reject fake tracks from combinations of noise hits, where 

the track is not from a real particle, and from cosmic ray muons, where the track 

does not project to the event vertex. A cut is made to the energy in the calorimeter 



cells hit by the muon and their first nearest neighbors: 

L EcaJ ~ 1.0 GeV. 
INN 

4.4.3 Central Detector Track Match 
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All tracks are required to have a CD track associated with the muon track. In 

the reconstruction, a muon is considered to have an associated track if it is within 

Af) :$ 0.45 radians and Acp :$ 0.45 radians of a CD track. The muon global fit 

requirement imposes a tighter cut to the angle between the muon and CD track. 

4.4.4 Muon Global Fit 

In addition to WAMUS hit information, the offline muon reconstruction has access 

to reconstructed tracks in the CD to use for muon track fitting and more precise 

determination ofthe event vertex. A global fit to the hits in the WAMUS chambers, 

the CD tracks and reconstructed event vertex is performed in the reconstruction. 

In order to be considered a "tight" muon, the track is required to have a global fit 

with 

o :$ X2 
/ d.o.f. :$ 100. 

4.4.5 Cosmic Ray Flag (MUCTAG) 

The MU_2JIIGH Level 2 filter includes a cut based on the MUCTAG cosmic ray flag. 

This flag is calculated in both the online and offline reconstruction. The flag is set 

if a muon has a track with Af)/J/J > 1600 and Acp"'''' > 1700
• The flag is also set if 

certain combinations of hits are found in the opposite side of the detector in an 

area pointed to by the BC segment of the track, typically 60 cm in the bend view 

by 150 cm in the non-bend view. This cut should not remove a significant number 



Table 4-4: Definition of the T and Drell-Yan event selection criteria. 

T and Drell-Yan Event Selection 
Two Good Quality Muons 

1711A 1 < 0.8 
lylAlA 1 < 0.7 

cplA < 80° OR cplA > 110° 
P~ > 3.25 GeV Ic 

6 GeV Ic2 < mlAlA < 35 GeV Ic2 

.6.CP~b < 165° 
J2NN < 3 

IA 
Opposite Signed Muons 
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of events from the sample, since it is already required in the trigger, as described 

above. 

4.5 Event Selection Criteria 

T and Drell-Yan candidate events are selected with cuts that depend on the over

all event topology. While the same set of cuts are used for both analyses, their 

efficiencies are expected to depend on the physics process being considered and 

will not necessarily be identical for T and Drell-Yan processes. Furthermore, some 

of these cuts depend strongly on the dimuon PT or invariant mass and must be 

determined as a function of these variables for each analysis. The event selection 

criteria are summarized in Table 4-4. 

4.5.1 Muon MUltiplicity and Quality 

The event is required to have two muons reconstructed within the rapidity region 

1711 < 0.8. This corresponds to the OF region of the D0 detector. Both muons are 

required to be of good quality as defined by the criteria described in Sec. 4.4. 
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Figure 4-1: Efficiency of the 117/-11 < 0.8 cut as a function of rapidity of the dimuon 
pair. The cuts made in the event selection are indicated by arrows. 

4.5.2 Dimuon Rapidity 

For this analysis, muons are required to be detected within the CF region of the 

detector. While the MU_2_HIGH trigger also included the EF region, chambers in 

this part of the detector suffered low efficiency during the first run of D0 due 

to radiation-induced contamination of the anode wires. As a consequence, the 

number of T and Drell-Van candidates with muons in this region was small. The 

cut to muon pseudorapidity of 117/-11 < 0.8 removes all events with ly'J'JI > 0.8. In 

order to avoid the low efficiency turn on of the 117/-11 < 0.8 cut, a cut of ly'J'J 1 < 0.7 

is applied to the data. Figure 4-1 shows the efficiency of the 17IJ cut as a function 
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Figure 4-2: Distribution of cpl-' for full GEANT bb/cc Monte Carlo (dotted line) and 
a sample of non-isolated candidate data events (points). The large deficit around 
cpl-' = 900 is due to inefficiencies in chambers near the Main Ring not simulated in 
the Monte Carlo. 

4.5.3 Fiducial Volume Cut 

Because of radiation-induced contamination of the anode wires of chambers near 

the main ring, around cp = 900
, a deficit of muons in this cp-region was observed 

relative to the Monte Carlo cp distribution, as shown in Fig 4-2. These inefficiencies 

are not accounted for in any of the Monte Carlo simulations. Therefore, events 

with muons in this region are removed from the analysis to avoid large systematic 

uncertainties in the efficiencies: 
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Figure 4-3: Transverse momentum distribution of the lowest (left) and highest 
(right) PT muons. The data points are for T candidate data events selected 
from the candidate sample by requiring that the mass to be consistent with 
T production. The curves are the T Monte Carlo. The cut made in the muon 
selection is indicated by the arrow. 

4.5.4 Muon Transverse Momentum 

In order for a muon to traverse the calorimeter and the iron toroid, it must have 

a momentum of at least 3 GeV Ic. In the central region of the detector, this 

translates into an effective cut of p!]. 2:: 3 Ge V I c. This is the minimum p~, allowed 

by the MU-2_HIGH Level 2 filter. In order to avoid the turn on of the trigger while 

maintaining good efficiency for T events, a cut of 

p!]. > 3.25 GeV Ic 

was chosen. As shown in Fig. 4-3, application of this cut results in essentially no 

loss of candidate events. 
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Figure 4-4: Dimuon invariant mass of the candidate sample before and after the 
isolation cut. The cuts to invariant mass applied to the sample are indicated by 
arrows. 

4.5.5 Dimuon Invariant Mass 

For these analyses, events are required to have dimuon invariant mass greater than 

6 Ge V / c2 and less than 35 Ge V / c2 • The mass distribution ofthe candidate sample 

with no cut to dimuon invariant mass is shown in Fig. 4-4. 

4.5.6 Opposite Track Cut 

Since fake dimuon tracks from cosmic rays always have a back-to-back topology, 

one can remove many of these events with a cut to the three-dimensional opening 

angle, Lllf'~b, calculated using the dot product of the momentum vectors 

A /-1/-1 -1 [Pi . P2] 
Ulf'3D = cos Iii IIp21 . 
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Figure 4-5: Dimuon opening angle distribution of signal events from the muon-only 
reconstruction of T Monte Carlo events. 

In general, tracks from cosmic rays do not pass through the event vertex, so one 

should not force this when fitting the track. The opening angle is calculated from 

a muon-only track reconstruction which, for tracks with hits on all three layers of 

muon chambers, uses only information from the muon detector. For tracks with 

hits on only two layers of chambers, however, the event vertex must be used to 

form the track. The muon tracks were required to have 

This removes a large fraction of the cosmic ray contamination while still maintain

ing good efficiency for T and Drell-Yan events, as shown in Fig. 4-5. 
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4.5.7 Muon Isolation Cut 

For both T and Drell-Van production one does not expect to see significant hadronic 

energy in the direction of the muons. Since the T production mechanisms are not 

well understood, the amount of hadronic energy in the event may be larger than 

previously thought. Even if this turns out to be the case, it does not pose a great 

problem since the hadronic energy would still not be strongly correlated with the 

muon direction, as in the open production of bottom and charm quarks. 

By using a small cone about the muon to determine the isolation, one avoids 

incidental inclusion of hadronic energy not correlated with the muon direction. 

The muon isolation variable is a measure of the difference between the expected 

energy loss and the observed energy loss in the calorimeter: 

] 2NN = 2:2NN Eobs - Eprcd 
p • 

UE 

where 2:2NN Eobs is the observed energy loss in the calorimeter cells on the track 

and two nearest-neighbor cells, Eprcd is the predicted energy loss of a muon passing 

through the calorimeter, and UE is the uncertainty in the measurement of the 

energy. For this analysis, both muons are required to be isolated. The cut applied 

to select an isolated muon is: 

This cut was chosen based on the distribution in the W ~ p,1I sample, shown in 

Fig. 5-14. The selection of this sample is described in Section 5.3.4. 

4.5.8 Opposite Sign Cut 

The muons are required to be reconstructed with opposite charge. This eliminates 

most of the background from sequential b ~ c decays and BB events where one 

of the B mesons mixes to its antiparticle. This cut also removes about half of the 
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background from bb or cc events where one muon is from the semileptonic decay 

of a heavy quark and the other is from the in-flight decay of a 7r±, K±, or K2 in 

one of the heavy quark jets. 

4.6 Summary 

Events for the 1 and Drell-Van samples were collected using the dimuon filter 

MU_2_HIGH, which required two muons to pass both the Levell trigger and Level 2 

filter. These events were reconstructed using the versions 11.17 - 11.19 of the re

construction programs and output on the b physics dimuon data stream, B2M. 

Events to be used in the T and Drell-Van analyses were selected with further cuts 

based on muon quality and event topology, shown in Tables 4-3 and 4-4, respec

tively. The integrated luminosity corresponding to this sample was determined to 

be J edt = 6.6 ± 0.4 pb- t
• 

The number of events after each set of cuts is shown in Table 4-5. A typical 

candidate event selected with these cuts will have CD tracks and minimum ion

izing energy which project nicely to the vertex as shown in Figs. 4-6 and 4-7. In 

the end view, shown in Fig. 4-8, the CD tracks and minimum ionizing energy in 

the calorimeter align with the WAMUS tracks. The hits in the WAMUS cham

bers form tracks that are clearly from real muons rather than fake tracks caused 

by combinations of hits from particles not originating from the event vertex or 

hadronic punchthrough. 

Figures 4-9 and 4-10 show the dimuon invariant mass and PT distributions of 

events selected with these cuts. A clear peak can be seen at the 1 mass. The deter

mination of the contributions to this candidate sample is the subject of Chapter 7. 
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Figure 4-6: Side view of a typical T or Drell-Van candidate event in the D0 
detector. 

Table 4-5: Selection of the T and Drell-Van candidate event sample. 

Sample 
Total Post-shutdown Data Sample 

B2M Stream 
MU_2_HIGH Trigger 
Candidate Sample 

N umber of Events 
6 X 106 

3.5 X 105 

5.3 X 103 

249 
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Figure 4-7: Side view of a typical T or Drell-Van candidate event in the D0 
detector. The good match of the muon tracks to the CD tracks and calorimeter 
minimum ionizing energy deposition can be seen. 
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Figure 4-8: End view of the calorimeter and central tracking chambers for a typical 
T or Drell-Van candidate event. 
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events. 
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Figure 4-10: Dimuon PT distribution of the T and Drell-Van candidate events. 
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Chapter 5 

Efficiency Determination 

In order to select good dimuon events and to enrich the contributions from Y and 

Drell-Yan processes, a series of cuts, described in Chapter 4, were applied to the 

data. The efficiency of these cuts as well as the trigger efficiency must be deter

mined in order to extract the Y and Drell-Yan cross sections. 

To avoid dependence on the Monte Carlo, data samples were used wherever 

possible in determining these efficiencies. To deal with correlations between cuts, 

any cuts made in the data selection which are expected to be correlated with the 

cut in question are applied to the sample before using it to determine the efficiency. 

The uncertainties in the efficiencies due to statistics of the samples were calcu

lated using the expression for a binomial distribution: 

O"t; = /e(l; e). 
For efficiencies determined using weighted Monte Carlo samples, the "equivalent 

number of events", Nc , defined as 

was used in place of the number of events N. 

The discussion of efficiencies is divided into those relating to the trigger, offline 

muon identification cuts, and event selection cuts, which depend on the topology 
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of the physics process being considered. 

5.1 Trigger Efficiency 

Trigger efficiencies were determined using T and Drell-Van Monte Carlo events 

which were processed with D0GEANT, MU_SMEAR, and simulation of trigger con

ditions during the 7.3 trigger menu. Events were first subjected to the cuts P~ > 3 

Ge V I c and 171/J 1 < 0.8 before processing with these simulations. The P~ cut was 

imposed because muons lose at least 3 GeV Ic as they traverse the iron toroid and 

calorimeter. These muons will not give hits on at least two layers of chambers as 

required by the trigger and reconstruction. 

Using T and Drell-Yan Monte Carlo samples with 171/J1 < 0.8 , but no minimum 

PT requirement, the efficiency of this cut was calculated for each Pf bin: 

The trigger efficiency for those with p~ > 3 GeV Ic, Csim, for each bin was calculated 

to be number of these events passing the Levell and Level 2 triggers divided by 

the total number presented to the triggers 

The results of these calculations as a function of Pf are shown in Fig. 5-2. 

The total trigger efficiency is the product of the efficiency of the p~ > 3 Ge V I c 

cut, CPT cut, and the efficiency of those events which passed the p~ > 3 GeV Ic cut 

to pass the trigger simulator, csim: 

The resulting trigger efficiencies as a function of unsmeared Pf and mi· are shown 
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Figure 5-1: The effect of the P~ > 3 Ge V / c acceptance of the detector can be seen 
in these scatter plots of Pf vs p!]. for the lowest (left) and highest (right) PT muons. 

in Figs. 5-8 and 5-9, respectively. 

The peculiar Pf dependence of the T trigger efficiency becomes clear when one 

considers the plots in Fig. 5-1 of Pf versus p!]. . The feature around Pf = 7 Ge V / c 

is the result of competing effects of the cutoff in acceptance at low p~ and the rising 

trigger efficiency for muons above that cutoff. The main Monte Carlo dependence 

of these efficiencies is the assumption in the Monte Carlo that the T and 'Y. are 

unpolarized. 

Muon chamber efficiencies were accounted for by running the MU_SMEAR pack

age before the trigger simulation and reconstruction. The MU_SMEAR package uses 

muon chamber and the pad latch efficiencies determined from the data [50] to ob

tain a realistic representation of data events. Since triggers are formed based on 

the pad latch information, simulation of pad latch efficiencies with MU-SMEAR is 

essential in determining trigger efficiencies with Monte Carlo. Uncertainties in the 

spatial resolution due smearing of the drift time and tlt distributions is included in 
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Figure 5-2: The total trigger efficiency is the product of the efficiency of the 
p~ > 3 GeV Ic requirement (circles), CPT cut, and the trigger efficiency for muons 
with p~ > 3 GeV Ic (diamonds), Cairn. 
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MU_SMEAR package. The version used for this analysis includes an uncertainty of 

±3 mm in the absolute positioning of the proportional drift tubes. Uncertainties in 

the pad latch efficiencies and geometry in MU..5MEAR will have the largest effect on 

the Levell trigger efficiency. The systematic uncertainty in the trigger efficiencies 

determined using Monte Carlo processed with MU _SMEAR was determined to be 

10% per muon for the W-boson analyses [51]. This result is confirmed in Sec. 5.1.1 

of this analysis. 

5.1.1 Calibration of Monte Carlo Trigger Efficiencies us

ing Data 

There were two significant differences between data events and Monte Carlo events 

processed with D0GEANT, MU_SMEAR, and the version 7.3 trigger simulation that 

had to be accounted for. The first is that in the data, distributions such as the drift 

times or 6.t which determine the position of a hit in the chamber have non-Gaussian 

tails due to occasional poor measurement of these quantities by the hardware. This 

results in a position measurement that is so far off that the hit is not assigned to 

the track by the reconstruction. This may cause an additional IFW4 flag being 

counted against the track. The effect of this is that a track which should have a 

"tight" quality is found to be "common" by the Level 2 reconstruction and one that 

should have been "common" gets thrown out. The precise definitions of "tight" 

and "common" are described below. These effects are not simulated in the Monte 

Carlo samples. 

The second effect is that only the version 7.3 trigger conditions were simulated 

in the Monte Carlo, however, the version 7.1 and 7.2 triggers had a lower efficiency 

for "common" tracks because of tighter constraints on the projection of possible 

track solutions to the vertex. Therefore, a correction factor determined using data 

collected on versions 7.1 through 7.3 triggers was used to account for this effect. 
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The Levell muon trigger hardware was not changed during this running period. 

Thus, the Level 1 muon trigger simulator in version 7.3 is the same as in version 

7.1 and 7.2. Any difference observed between Levell efficiencies in Monte Carlo 

and data will be due to uncertainties in the MU..5MEAR determination of the pad 

latch efficiencies or chamber positions. 

In order to calibrate the trigger efficiencies obtained using the fully simulated 

Monte Carlo sample, a study was done to determine the trigger efficiencies for 

reconstructed muons in Monte Carlo and data. The difference between efficiencies 

in Monte Carlo and data were used to confirm the uncertainty in the Level 1 

efficiency from MU _SMEAR and to correct the Level 2 efficiency for the effects 

described above. This was done using the unbiased muon in a data sample of 

dimuon events collected on the MUJET_LOW and MU_IJET triggers, which require 

a single muon and a jet. A sample of bb/cc -t JLJL ISALEP events processed with 

D0GEANT, MU_SMEAR, and trigger simulation were used to determine the Monte 

Carlo efficiencies. These simulations were identical to those used to process the 

T and Drell-Yan Monte Carlo events. 

Since the Monte Carlo trigger efficiencies were calculated using only version 7.3 

of the trigger, it is important that the muon plus jet data sample used to calibrate 

the efficiency have the same fraction of events collected on each of the three trigger 

lists. This will not be true in general, due to differing pres cales and the fact that 

the triggers have been combined for parts of this period in order to maximize the 

statistics of the sample. To account for this, the fraction of events in each trigger 

list was obtained for the candidate data sample and for the muon plus jet sample 

used in the calibration. The weighting factor to be applied to the muon plus jet 

events for a given version of the trigger menu was determined to be 

icand W=--
i'J+jct 
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Table 5-1: Fraction of events from each trigger list for the single muon plus jet 
sample used for the study and the candidate sample. The weighting factors applied 
to the muon plus jet sample for each period are listed. 

Trigger Version 
Muon + Jet Fractions, f/J+jct 

Candidate Sample Fractions, fcand 

Weighting Factor, w 

7.1 
21% 
20% 
0.95 

7.2 
64% 
59% 
0.92 

7.3 
16% 
21% 
1.31 

where fcand is the fraction of T and Drell-Van candidate events, selected with the 

cuts described in this chapter, and f/J+jct is the fraction of muon plus jet events in 

the given version of the trigger list. The inputs and results of this calculation for 

each trigger version are summarized in Table 5-1. 

Level 1 Single-muon Efficiency Study 

The cuts used to select both data and Monte Carlo events for the Level 1 trigger 

efficiency study are summarized in Table 5-2. In a given event, if one muon passed 

the Levell trigger, the other muon was unbiased for trigger studies. It is possible 

that both muons could be used in the study. The efficiency was taken to be the 

number of unbiased muons which had a Level 1 trigger in the same cp-octant as 

the reconstructed muon, divided by the total number of unbiased muons in that 

p~, bin. The resulting efficiencies for both data and Monte Carlo samples are 

plotted in Fig. 5-3. The two measurements are consistent within the statistical 

errors. Any systematic effects are certainly within the 10% per muon uncertainty 

in the MU _SMEAR simulation. 

Level 2 Single-muon Efficiency Corrections 

A similar study was done for the Level 2 trigger efficiency. This study is compli

cated by the fact that there were two different muon track quality requirements in 
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Table 5-2: Cuts used to select events to determine the Levell trigger efficiency 
uncertainty from the data. 

Selection of Events for Levell Efficiency Study 
Event Fired MUJET_LOW or MU_LJET Level 2 Filter 

Bad Runs Removed From the Sample 
Two and Only Two Muons with 171(P)1 < 0.8 

Offline Reconstructed p~ > 3.25 GeV Ic 
Level 2 Reconstructed p~ > 3.0 GeV Ic (If Passed) 

cp < 800 OR cp > 1100 

EINN Ecal > 1 Ge V 
Muon Quality Flag Word (IFW4) :::; 1 

Global Fit X2 /d.o.f. < 100 
Reconstructed Muons in Different cp-octants 

One Muon Has Levell and Level 2 Triggers in Same cp-octant 

>. g 0.8 f-

a> 
'0 
ffi 0.7 - ~======~======l 

+;;;" 
0.6- ~ o.s¢:/ 
0.4 - o Data 
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Figure 5-3: Comparison of the Levell trigger efficiency for reconstructed muons 
in data and Monte Carlo as a function of p~ • 
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Table 5-3: Muon quality requirements for the MU.LJET and MUJET.LOW Level 2 
triggers during the post-January 1993 running period. 

Trigger Version First Run MUJET.LOW MU.IJET 

7.1 60100 "tight" "common" 
7.2 62150 "common" "common" 
7.3 64086 "common" "tight" 

the MU.2.HIGH Level 2 filter. These quality requirements, referred to as "common" 

and "tight", correspond to maximum values of the muon track quality flag of one 

and zero, respectively. This quality flag is calculated in the same way as that 

described in Sec. 4.4, except it is calculated by the Level 2 reconstruction rather 

than by the offline reconstruction. The Level 2 trigger information used in this 

study was obtained from the ESUM bank in the data and Monte Carlo events. 

Since the quality requirements in the MU.IJET and MU.JET.LOW filters changed 

during the post·January 1993 running, only events collected on these filters dur· 

ing periods when they required "common" quality were used for the study. The 

trigger definitions for each trigger list and run period are shown in Table 5-3. The 

MU.2.HIGH Level 2 filter requires that no MUCTAG cosmic ray flags be set. The 

MUCTAG flags are set if there are tracks or hits in the WAMUS chambers opposite 

the muon. Since the MUCTAG flag calculated by the Level 2 reconstruction is not 

saved in the DST data stream, a cut is made to the MUCTAG flag calculated by the 

offline reconstruction in the selection of this sample. To take care of correlations 

between the Levelland Level 2 triggers, candidate events are required to have 

Levell triggers in the same tp-octants as the reconstructed muons. The cuts used 

to select both data and Monte Carlo events for the Level 2 efficiency study are 

summarized in 5-4. 

If one muon passed the "common" trigger requirement, the other was considered 

to be unbiased for trigger studies. It is possible that both muons in an event 
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could have been used for the study, since each event gets considered twice. The 

Level 2 "common" efficiency for a reconstructed muon was calculated by dividing 

the number of unbiased muons with a Level 2 "common" track in the same cp

octant as the reconstructed muon by the total number of unbiased muons in that 

P~ bin: 

Ncom 
Ccom = 

Nunbiascd 

Note that in Table 5-4 both muons must have a Levell trigger in the same cp

octant as the Level 2 and offline reconstructed tracks to take care of correlations 

with the Levell trigger. This efficiency for data and Monte Carlo samples is 

shown in Fig. 5-6. The difference at low PT is due to the fact that the Monte Carlo 

trigger was a simulation of the version 7.3 trigger, while the data were collected 

using versions 7.1, 7.2 and 7.3 of the trigger. Trigger versions before 7.3 suffered 

larger inefficiencies at low PT due to the tighter z-vertex constraint in the online 

muon reconstruction. If only version 7.3 muon plus jet data is compared with the 

same version in Monte Carlo, the agreement is very good, as shown in Fig. 5-4. 

In order to calculate the correction for the MU_2_HIGH trigger one also needs 

to determine the efficiency of requiring that a "common" muon pass the "tight" 

cuts. This efficiency was determined to be the number of "tight" unbiased muons, 

divided by the number of "common" unbiased muons 

Ntig 
Ctig = . 

Nunbiascd,com 

This efficiency for data and Monte Carlo is shown in Fig. 5-7. The difference is 

due to the non-Gaussian time and tlt distributions in the data, described above, 

which may degrade the quality of a muon from "tight" to "common". As shown in 

Fig. 5-5, the disagreement is still observed even when comparing the same versions 

of the trigger menu. 
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Figure 5-4: Comparison of the Level 2 "common" muon efficiency for reconstructed 
muons, Ccom, in the version 7.3 data and Monte Carlo as a function of p~ . There 
is good agreement if the same trigger versions are compared. 
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muons, Ceom, in the version 7.3 data and Monte Carlo as a function of p~ . . The 
disagreement is approximately the same even if the same trigger versions are com
pared. 
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This effect may also result in an additional IFW4 flag being counted against a 

track of "common" quality. Tracks which have IFW42:: 2 are not saved by the Level 

2 or offline reconstructions. In Monte Carlo, these effects are not simulated, so no 

muons are lost due to the miscalculation of the drift time or At: 

For data this efficiency was obtained from events where a Levell muon trigger 

occurred in the same detector octant as a reconstructed jet. These events were then 

scanned to see if there was actually a good muon and if it was reconstructed [52]. 

The reconstruction efficiency for data was determined to be 

[eRECO]dat = 0.95 ± 0.03. 

This efficiency was assumed to be independent of P~ within the quoted uncertainty. 

This assumption is probably reasonable if one considers that the PT dependence of 

this inefficiency for "tight" muons, shown in Fig. 5-7 has only a weak PT dependence 

in the range from 3-8 GeV Ic which contains most of the data. 

Corrections to the MU_2_HIGH Dimuon Trigger Efficiency 

These efficiencies were used to correct the Monte Carlo MU_2_HIGH trigger efficien

cies. This was done on an event-by-event basis by weighting those events which 

pass both the Level 1 trigger and Level 2 filter by the correction factors for each 

requirement: 

W = Wcom • Wtig • WRECO. (5.1) 

This weighting is done using the reconstructed PT, since that is what the correction 

factors were defined for. In (5.1), Wcom is the correction for requiring two "common" 

muons at Level 2 with PT > 3 Ge V I c, and Wtig is the correction for requiring one 
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Table 5-4: Cuts used to select events to determine the Level 2 trigger efficiency 
correction from the data. 

Selection of Events for Level 2 Efficiency Study 
Event Fired MUJET_LOW Level 2 Filter 

Both Muons Have a Matching Levell Trigger (Same cp-octant) 
No Opposite Hits or Tracks (MUCTAG) 

Bad Runs Removed From the Sample 
Two and Only Two Muons with 117(1£)1 < 0.8 

Offline Reconstructed p~ > 3.25 GeV Ic 
Level 2 Reconstructed p~ > 3.0 Ge V I c (If Passed) 

cp < 800 OR cp > 1100 

EINN Eca\ > 1 Ge V 
Muon Quality Flag Word (IFW4) ~ 1 

Global Fit X2/d.o.f. < 100 
Reconstructed Muons in Different cp-octants 

One Muon Has Levell and Level 2 Triggers in Same cp-octant 

o Data 

0.4 I- o Monte Carlo 

0.2 -

PI' [GeV/c) 

Figure 5-6: Comparison of the Level 2 "common" muon efficiency for reconstructed 
muons, ecom, in data and Monte Carlo as a function of p~ • 
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Figure 5-7: Comparison of the Level 2 "tight" muon efficiency for reconstructed 
muons which pass the Level 2 "common" requirement, elig, in data and Monte 
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"tight" muon with PT > 3 GeV Ic in addition to the Wcom requirement, and WRECO 

accounts for reconstruction inefficiencies due to the non-Gaussian tails of the time 

and ~t distributions not simulated in the Monte Carlo. 

The efficiency of requiring two Level 2 "common" muons is the product of these 

efficiencies for each muon: 

(5.2) 

where the values of c~om were determined from the parametrizations of the data 

and Monte Carlo efficiencies in Fig. 5-6. Thus, the correction factor for requiring 

two "common" muons with PT > 3 Ge V I c is given by 

[ccom]dllt 
Wcom = [ ] . 

Ccom MC 
(5.3) 

Because only one muon was required to pass the Level 2 "tight" condition, 

the calculation of this correction factor is slightly more complicated. For two 

"common" muons, the efficiency of requiring that one be "tight" is given by 

(5.4) 

where the efficiency for a "common" muon to pass the "tight" condition, C~ig, was 

obtained from Fig. 5-7. The correction factor corresponding to the MU_2_HIGH 

Level 2 filter was calculated using 

(5.5) 

The correction factor corresponding to the muons lost in the Level 2 recon

struction due to unphysical drift time and ~t distributions was calculated using 

[CRECO]~at 09 ± 04 
WRECO = [ ]2 = . 0 O. . 

cRECO MC 

Each Monte Carlo event which passes the trigger is weighted by the product 



Table 5-5: Sources of systematic uncertainty in the trigger efficiencies. 

Source 
Level 1 Efficiency 

Level 2 "common" Efficiency 
Level 2 "tight" Efficiency 
Level 2 RECO efficiency 

Total Systematic 

Fractional Uncertainty 
14% 
8% 
4% 
4% 
17% 
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of these corrections, (5.1), calculated using reconstructed PT of each muon. This 

procedure was used to determine both rand Drell-Yan Monte Carlo corrected 

efficiencies. These are shown along with the uncorrected efficiencies in Figs. 5-8 

and 5-9, respectively. 

The systematic uncertainties due to the various trigger efficiencies, not shown 

in Figs. 5-8 and 5-9, are listed in Table 5-5. The 14% fractional uncertainty in the 

Level 1 efficiency for dimuons was calculated using the 10% per muon fractional 

uncertainty in MU_SMEAR, which was confirmed by the Levell efficiency study, de

scribed above. The uncertainty in the Level 2 common efficiency for single muons 

was taken to be 6%, which is the 1u uncertainty in the lowest bin of the "com

mon" efficiency from data. Propagating this through (5.2), results in a fractional 

uncertainty of 8% for a dimuon trigger efficiency. The efficiency of requiring one 

"tight" muon as in the MU_2_HIGH filter was determined from data to be at least 

94% over the entire PT range. The uncertainty in this efficiency is taken to be 

UI! = 4%, which gives a fractional uncertainty of UI!/c = 4%. The uncertainty in 

the reconstruction efficiency is the statistical uncertainty the scanned data sample. 

This results in a total systematic uncertainty in the trigger efficiency of 17%. 
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Figure 5-8: Corrected and uncorrected trigger efficiencies for T events as a function 
of the unsmeared Pf . Only uncertainties due to Monte Carlo statistics are shown. 
The systematic uncertainty of (J'~/e =17% is not shown. 
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Figure 5-9: Corrected and uncorrected trigger efficiencies for Drell-Yan events as 
a function of the unsmeared dimuon invariant mass. Only uncertainties due to 
Monte Carlo statistics are shown. The systematic uncertainty of O'~/e =17% is not 
shown. 
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5.2 Offline Muon Identification Efficiency 

5.2.1 Muon Quality Flag IFW 4 

Because tighter cuts are made in the global fit to all of the parameters which 

determine the IFW4 flag word, one expects this cut to be nearly 100% efficient. 

This efficiency was confirmed using a sample of ISAJET Drell-Yan events, processed 

with the MU_SMEAR and GEANT simulations. This sample was used instead of that 

from the T simulator because of the more realistic noise simulation expected from 

the full fragmentation package included in ISAJET. A value of 100% with negligible 

uncertainties was used for this analysis. 

5.2.2 Central Detector Track Match 

The data sample used to determine the CD track match efficiency was obtained 

by applying all of the standard event selection cuts and muon identification cuts, 

shown in Tables 4-4 and 4-3, except the CD match requirement and the X2 cut. 

Both muons were also required to be isolated with the cut 

E~R<O.6 EcnJ - E~R<O.2 EcnJ ~ 6GeV 

and 

j2NN < 3 
IJ -, 

since one expects slightly different efficiencies for isolated and non-isolated muons. 

In order to maximize the statistics of the sample, the events were not required to 

pass the MU_2J1IGH trigger, since tight offline selection cuts are already applied. 

The biased muon in the event was also required to have a CD match with X2 < 50 

to remove most of the remaining cosmic ray contributions and to ensure that the 

event was from real physics. 
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Application of these cuts leaves 537 unbiased muons, 458 of which pass the CD 

requirement. This yields an efficiency of 

ceo = 85 ± 2 % 

The same result was obtained when this exercise was repeated using only events 

that passed the MU_2.lIIGH trigger. This cut was determined to be nearly inde

pendent of muon PT from the Monte Carlo. 

5.2.3 Muon Global Fit 

A similar sample to that used in the determination of the CD match efficiency was 

used to obtain the efficiency of the good muon global fit requirement, except that 

both muons were required to have a CD match. The biased muon in the event was 

required to have a global fit X2 ~ 80. Again, it was verified that this efficiency 

was not dependent on whether the event passed the MU_2.lIIGH trigger and that it 

was not strongly dependent on muon PT • From a sample of 499 unbiased muons, 

shown in Fig. 5-10, 420 passed the good global fit requirement, giving an efficiency 

of: 

5.2.4 Minimum Ionizing Energy Deposition 

A sample of good quality isolated muons was selected from the data using the 

same cuts as in the data selection, except that a tighter quality cut of X2 ~ 80 was 

applied, and isolation cuts were applied to both muons, as above. The minimum 

ionizing energy cut was only applied to the biased muon in the event. Of 430 

unbiased muons passing these cuts, 411 had minimum ionizing energy confirmation, 
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Figure 5-10: Distribution of global fit X2 for signal event muons. The cut made in 
the data selection is indicated by the arrow. 
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Figure 5-11: Distribution of minimum ionizing energy (EINN Ecn\ ) for signal event 
muons. The cut made in the data selection is indicated by the arrow. 



124 

resulting in an efficiency of 

cMIP = 96 ± 1 %. 

The EINN Eca\ distribution ofthese events shown in Fig. 5-11 is nearly the same 

as for the W-boson candidate sample [53], except that the W-boson distribution 

is shifted up by approximately 0.5 GeV. One expects dE/dm of muons in the W

boson sample to be higher by approximately 1 - 1.3 Ge V due to the larger muon 

momentum [54]. This is offset, however, by a negative shift due to the looser 

requirement on projection of the track to the vertex for the low PT muons used in 

the Y and Drell-Yan analyses. 

5.2.5 Cosmic Ray Flag (MUCTAG) 

This cut is not expected to remove a significant number of events from the sample, 

since it was already required in the MU_2_HlGH trigger and there was a cut applied 

in the B2M stream. An efficiency of 

cMUCTAG = 100~~ % 

is assumed. The uncertainty is taken to be the upper limit of the small differences 

expected between the offline and Level 2 determination of the MUCTAG flag, which 

depends on the direction of the reconstructed tracks. 

5.3 Offline Y and Drell-Yan Event Selection Ef

ficiency 

Further cuts were applied to quantities that depend on the overall event topology of 

the physics process under consideration. This gave the total acceptance for Y and 

Drell-Yan events after all selection cuts. The event selection acceptances for Y and 



Table 5-6: Efficiencies of the muon identification cuts. 

Muon Selection Cut 
Quality Flag IFW4 
CD Track Match 

Global Fit 
MIP Deposition 

Cosmic Ray Flag 
Total Muon ID 

Efficiency [%] 
100 ± 0 
85 ±2 
84 ± 2 
96 ± 1 
100~~ 
69 ± 2 
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Drell-Van events are shown in Tables 5-8 and 5-9, respectively. These numbers 

were used in the cross section calculations of Chapter 8. Since the determination 

of these efficiencies for the l' and Drell-Van samples are very similar they are both 

summarized together. 

5.3.1 Muon Pseudorapidity 

All muons were required to be within the CF region (1771 < 0.8) of the detector. 

The efficiencies of this cut as a function of Pf and m"Y· were obtained from samples 

generated using the T and Drell-Van Monte Carlos with a dimuon rapidity cut of 

ly,JIJ 1 < 0.7 imposed. These events were not run through the detector simulator 

since the smearing of the muon pseudorapidity in the D0 detector is small. The 

efficiencies as a function of Pf and m"Y· are shown in Fig. 5-12. The main Monte 

Carlo dependence of this efficiency is in the assumption that the l' and ,* states 

are unpolarized. 

5.3.2 Fiducial Volume Cut 

The efficiency of the fiducial volume cut, 800 < tp/J OR tp/J > 1100
, was determined 

from the full GEANT Monte Carlo samples. For a given dimuon opening angle, 

/:l.tpIJ/J, one expects the acceptance of events with one muon in a given tp-region of 
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Figure 5-12: Efficiency of the IT/Ill < 0.8 cut for the T (left) and Drell-Yan (right) 
events after imposing a cut of ly/J/JI < 0.7. 

the detector to depend upon the acceptance in the so-region where the other muon is 

detected. Since the acceptance of the muon detector is very non-uniform in so, par

ticularly in the bottom part of the detector, one expects a pi? and m /J/J dependence 

to this cut due to correlations between t!1SO/JIl and these parameters. The efficiencies 

of this cut as a function of plf' and m /JIl are shown in Fig. 5-13. 

5.3.3 Muon Transverse Momentum 

Since the muon transverse momentum distribution depends on the physics process 

being considered, the efficiency of the p~ > 3.25 GeV Ic cut was calculated from 

events generated with the T and ISAJET Drell-Yan Monte Carlo packages described 

in Chapter 6 which have been processed with the full chain of simulations. The 

efficiency of the p~ > 3.25 GeV Ic cut after events were required to pass the trigger 

and T/ Il cut is 100% with negligible uncertainties. This is due to the fact that a 

large fraction of muons in the PT region 3-3.5 Ge V / c will not traverse the iron 
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toroid and calorimeter, as can be seen in Fig. 4-3. 

5.3.4 Muon Isolation Cut 

The efficiency of requiring an isolated muon was obtained from a W -. J-LV candidate 

sample which had no cuts to isolation except that no jets were allowed in the hemi

sphere of the detector opposite the muon. The cuts used to select this sample, 

summarized in Table 5-7, are the same as those used in the Run 1A W -. J-LV 

analysis, except that muon isolation cuts were not applied. 

From this sample, the efficiency of the isolation cut for two muons was deter

mined to be 

giso = 90 ± 1 %. 

The isolation distribution for the W -. J-LV events is shown in Fig. 5-14, along with 



Table 5-7: Selection of the W ~ /LV sample used for isolation studies. 

W ~ /LV Event Selection 
P~ > 20 GeV/c 
Pr> 20 GeV/c 

/11Il/ < 0.8 
Muon Quality Flag (IFW4) ~ 1 

J Bell 2:: 0.6 GeV IF 0.7 < /11/J/ < 0.8 
"A" Layer Hits on Track 

AOIl-CD < 0.12 rad, Ac,oll-CD ~ 0.04 rad 
Global Fit: X2 

/ d.o.f. ~ 100 
MIP Deposition: ~lNN EcaJ 2:: 1.0 Ge V 

No MUCTAG Bits Set 
Bend View Impact Parameter: bbcnd < 15 cm 

Non-bend View Impact Parameter: bnon-bcnd < 10 cm 
Floating Time: -1000 ns < tb < 100 ns 

No Jet In Opposite Hemisphere of Detector 

the parametrization used to determine the efficiency. 

5.3.5 Opposite-signed Muon Requirement 
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The efficiency of the opposite-signed muon requirement for T and Drell-Van events 

was determined using a sample of full GEANTevents which were generated using the 

T and Drell-Van Monte Carlos and were required to pass the MU_2..HIGH trigger in 

the simulator. As shown in Fig. 5-15, the efficiency ofthe opposite sign requirement 

is nearly independent of Pf and m'Y·. 

5.3.6 Opening Angle Cut 

For the T analysis, the efficiency of the opening angle cut, c,o~b < 1650
, was de

termined using a sample of full GEANT T events, which were generated using the 

Monte Carlo described in Chapter 6, and were required to pass the MU_2_HIGH 
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Figure 5-15: Efficiency of the opposite sign requirement as a function of pI (left) 
and m'Y· (right). 

trigger in the simulator. As shown in Fig. 5-16, the efficiency is slightly lower at 

low pI, where the dimuon pair is less boosted. The events used in the efficiency 

determination for the Drell-Van analysis were generated with ISAJET and were also 

processed with the full chain of simulations. 

5.4 Summary 

The trigger efficiencies for T and Drell-Van events were determined using Monte 

Carlo samples processed with full detector and trigger simulations. These efficien

cies were corrected using data samples to account for differences between Monte 

Carlo and data events. The resulting efficiencies for T and Drell-Van events are 

shown in Figs. 5-8 and 5-9, respectively. Systematic uncertainties in the trigger 

efficiencies are listed in Table 5-5. 

Most of the muon selection efficiencies were determined using samples from 
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Figure 5-16: Efficiency of the opening angle cut for T and Drell-Van events as a 
function of Pf (left) and m'Y· (right). 

the data. These efficiencies are listed in Table 5-6. T and Drell-Van Monte Carlo 

samples were used to determine most of the event selection efficiencies, except the 

muon isolation cut efficiency, which was determined from data. The efficiencies 

for the T and Drell-Van event selection cuts are listed in Tables 5-8 and 5-9 along 

with their systematic uncertainties. 
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Table 5-8: Acceptance of the T selection cuts for lyTI < 0.7. All uncertainties due 
to systematic errors and Monte Carlo statistics are included. 

Selection Cut Acceptance [%] 
PT [GeV Ic] 0- 3 3- 5 5- 8 8- 12 12- 25 

m/J/J 100± 0 
TJ(p,) 40.9 ± 0.7 42.9 ± 1.1 41.6 ± 1.4 47.0 ± 2.4 53.4 ± 5.7 
'P(p,) 93.2 ± 1.3 84.6 ± 2.8 70.1 ± 3.7 82.0 ± 4.2 74.8 ± 5.2 

PT(p,) 100± 0 
Opening Angle 85 ± 1 100± 0 100±0 100+0 

-1 100+0 
-2 

Opposite Sign 98 ±O 98 ± 1 99± 0 97± 2 98± 2 
Muon ID (two) 47+2 

-4 
Muon Iso1. (two) 90± 1 

Total 13.6~?:~ 15.0~g 12.3~}:g 15.9~!:~ 16.6+2•3 
2.5 

Table 5-9: Acceptance of the high mass Drell-Van selection cuts for ly'Y·1 < 0.7. 
All uncertainties due to systematic errors and Monte Carlo statistics are included. 

Selection Cut Acceptance [%] 
M'YI [GeV Ic~] 6- 9 9- 12 12- 15 15- 18 18- 32 

TJ(p,) 42.7 ± 1.6 35.7 ± 2.5 33.8 ± 3.6 27.2 ± 4.9 34.4 ± 4.1 
'P(p,) 92.3 ± 5.2 85.3 ± 6.1 87.4 ± 6.8 84.6 ± 4.7 93.6 ± 3.4 

PT(p,) 100± 0 
Opening Angle 98 ±2 98± 2 95± 3 100+0 

-2 99± 0 
Opposite Sign 100+0 

-2 95 ± 3 98± 2 96 ± 3 95± 2 
Muon ID (two) 47+2 

-4 
Muon Iso1. (two) 90± 1 

Total 16.4+U 12.1+U 11.7+1.1 
1.9 

94+1.9 • 2.0 12.9+1.8 
1.9 
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Chapter 6 

Monte Carlo Generation 

The event generators used to produce 1, Drell-Yan, bb/ cc, and heavy flavor plus 

7r / K decay Monte Carlo samples are described in this chapter. 1 and Drell-Yan 

Monte Carlo samples, processed with the full detector (D0GEANT and MU_SMEAR) 

and trigger (L2SIM and MUSIM) simulations, were used in the determination of the 

trigger efficiencies and some of the selection cut efficiencies described in Chapter 5. 

These samples were also used to determine dimuon invariant mass distributions of 

the different physics contributions used as input to the maximum likelihood fits of 

Chapter 7. 

6.1 l' Monte Carlo 

A complete 1 Monte Carlo suitable for determining trigger and selection efficien

cies was not available at the time of this analysis. Therefore, an 1 event generator 

written by Mangano [8] was used as the basis for a Monte Carlo written for this 

purpose. The Mangano program performs a hard scattering to produce each of 

the nine known 1 and Xb states according to the color-singlet model discussed in 

Chapter 2. However, this program does not account for radiative transitions be

tween states, shown in Fig. 1-1, which feed the 1(IS) and 1(2S) states. In general, 

Xb decays contribute heavily to the production of 1 states because of their larger 
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production cross sections relative to direct T production. 

A program package written by the author [55] was used to simulate these decays 

and create a ZEBRA data structure that is compatible with that used by the D0 

detector simulations. The branching fractions of the decays were taken from the 

measured values published by the Particle Data Group [54]. A summary of the 

known decay channels included in this package, as well as their branching fractions, 

is shown in Table 6-1. At each step, the event weight is multiplied by the branching 

fraction and the number of possible decay channels for the particle. This process 

is repeated until a long-lived final state is found. 

This Monte Carlo does not include a package to fragment quarks and gluons, 

so only products of the bottomonium decay, such as muons, photons, and pions, 

appear in the event. For this analysis, all isolation distributions were taken from the 

data, so a fragmentation package was not necessary to simulate hadronic activity. 

The small particle multiplicity was a welcome feature, however, since it saved 

processing time in running D0GEANT and yielded much smaller output files. 

At C?( a~) ,differential cross sections of the XbO and Xb2 states become singular as 

Pf -. 0, where higher order corrections due to soft gluon emission are important. 

These events were generated with a lower Pf limit of 150 Me V / c. In order to 

approximate the effects of soft gluon emission on the low Pf XbO and Xb2 cross 

sections for the efficiency determination, the low PT cutoff was parametrized in 

the same way as in the ISAJET Drell-Yan Monte Carlo, described in the next 

section. Figure 6-1 shows the PT distributions before and after these soft gluon 

corrections were applied. 

Because of the small mass difference between the Xb and T states, the photon 

PT spectrum will be quite soft, as shown in Fig. 6-2. It is not possible to reliably 

identify photons of such low PT with the D0 detector. Thus, one cannot tag 

T states arising from decays of Xb states using the soft photon. The muon spectrum 
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Figure 6-2: PT distribution of photons from decays of Xb states with 11711 < 0.5. 

is much harder, however, and the muons receive most of the momentum of the 

initial T or Xb state. 

Events were generated in the P1' range from 0.15 to 40 GeV Ic using the MRSDO 

structure function set and the choice of renormalization and factorization scales 

JLr = JLI = JLa, where JL~ = m 2 + p} [56]. After subjecting events to the cuts 

p~ > 3 GeV Ic and 117~1 < 0.8, approximately 85,000 events were processed with 

full detector and trigger simulations. The differential T cross section predicted 

by this Monte Carlo program are in very good agreement with the predictions of 

Baier and Riickl [7]. 



Table 6-1: Bottomonium decays included in the T Monte Carlo. 

Decay 
T(lS) ~ J.L+ J.L 
T(2S) ~ J.L+ J.L

T(2S) ~ T(lS)7r+7r
T(2S) ~ T(lS)7r°7r° 
T(2S) ~ XbO(lP)-y 
T(2S) ~ Xbl (lP)-y 
T(2S) ~ Xb2(lP)-y 
Xbo(lP) ~ T(lS)-y 
Xbl(1P) ~ T(lS)-y 
Xb2(lP) ~ T(lS)-y 
Xbo(2P) ~ T(2S)-y 
Xbo(2P) ~ T(lS)-y 
Xbl (2P) ~ T(lS)-y 
Xbl (2P) ~ T(2S)-y 
Xb2(2P) ~ T(lS)-y 
Xb2(2P) ~ T(2S)-y 

T(3S) ~ J.L+ J.L-
T(3S) ~ T(2S)-y"Y 

T(3S) ~ T(2S)7r+7r
T(3S) ~ T(2S)7r°7r° 
T(3S) ~ T(IS)7r+7r
T(3S) ~ T(IS)7r°7r° 
T(3S) ~ Xbo(2P)-y 
T(3S) ~ Xbl (2P)-y 
T(3S) ~ Xb2(2P)-y 

Branching Fraction (%) 
2.52 
1.3 

18.5 
8.8 
4.3 
6.7 
6.6 
2 

35 
22 
4.6 
9 

8.5 
21 
7.1 

16.2 
1.81 
5.0 
2.8 
2.0 

4.48 
2.06 
5.4 

11.3 
11.4 
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6.2 Drell-Van Monte Carlo 

The Drell-Van Monte Carlo sample was generated using the DRELLYAN utility in 

the ISAJET program [57, 58]. Drell-Van production in ISAJET includes contribu

tions from the leading order process 

(6.1) 

and from next-to-Ieading order processes 

(6.2) 

(6.3) 

and 

(6.4) 

As Pt· -) 0, the next-to-Ieading order Drell-Van cross section becomes singular 

like lip} because higher-order processes have not been included. In order to deal 

with this singularity, the lip} term is replaced with a parametrization of the cutoff 

where 

p~ = [0.2 GeV] . m'Y·. 

This gives about the right integrated cross section and reproduces approximately 

the PT dependence expected by the summation of soft gluons. 

The Drell-Van event sample was generated using the EHLQ structure function 

set. ISAJET sets the QCD evolution scale equal to the mass of the virtual photon 
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for the lowest order process (6.1), or equal to the PT of the virtual photon for the 

higher order processes (6.2), (6.3), and (6.4). 

Before processing with detector simulations, events were required to have p!}. > 

3 GeV Ie and 1111-'1 < 0.8. Approximately 5000 Monte Carlo events in the mass 

range from 4 to 40 GeV Ic2 were generated and processed with the full chain of 

detector and trigger simulations. 

6.3 Heavy Flavor Monte Carlo 

The ISAJET Monte Carlo was used to model the production and fragmentation of 

bb and cc quark pairs, as well as the subsequent decay of the hadrons produced. 

The O( a~) processes gg ~ gg, gq ~ gq, and gg ~ qq were simulated using the 

TWOJET utility in ISAJET with a transverse momentum range of 4-80 Ge V lefor 

the products of the hard scatter. The CTEQ2L structure function set was used for 

the majority of the event sample, although a small fraction was generated using 

the EHLQ structure functions. ISAJET includes QCD radiative corrections, which 

are necessary to give the experimentally observed event structure. 

In addition to the O(a~) "flavor creation" processes, the ISAJET program also 

simulates the O( a~) "gluon splitting" and "flavor excitation" processes, which are 

expected to have a large contribution to the cross section. These higher order 

processes will have a different topology than the O( a~) processes. 

Because the probability to produce a heavy flavor quark pair from the hard 

scatter or from fragmentation is very smail, a large number of iterations by ISAJET 

was required to accumulate an appreciable sample. Thus, generation of events 

using ISAJET was very time-consuming. In order to speed up the generation, a 

modified version of this program known as ISALEP [57] was used instead. ISALEP 

speeds up the generation by retrying the hard scatter or fragmentation if it is 

determined that the state cannot end in a heavy flavor pair. Approximately 20,000 
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events were generated using ISALEP and processed with the full chain of detector 

and trigger simulations. 

6.4 Heavy Flavor Plus 7r / K Decay Monte Carlo 

Due to the large multiplicity of pions and kaons produced in quark and gluon jets 

and the large branching fractions to the muonic decay channel, there is a non

negligible probability for a decay to yield a muon with p~ > 3 Ge V I c in a bb or 

cc event where one b or c decays semileptonically. The probability for two such 

decays in an event to yield muons with p~ > 3 Ge V I c is very small because the 

energy of the b- or c- jet is typically shared by many decay particles. 

Using a sample of ISALEP bb and cc Monte Carlo, where one of the muons 

decayed semileptonically, a 7l"±, K±, and K£ was randomly selected and decayed 

if it had p;!K > 3 GeV Ic and I 71'11'/K I < 0.9. The probability for one such decay to 

occur, W, can be calculated: 

N-1 

Wi = Pi II (1 - Pj ) (6.5) 
j=l 

where Pi is the probability for the selected pion or kaon to decay and Pj is the 

probability for any other pion or kaon satisfying the p':jK and 71'11'/K requirements 

to decay. Since the number of these mesons which pass the p~!K and 71'11'/K cuts is 

very small, (6.5) can be approximated as 

(6.6) 

The decay probability in (6.6) can be expressed in terms of the branching fraction, 

r, decay length, CT, transverse momentum p;! K and mass m'll'/ K of the meson, and 



the cylindrical radius of the decay volume, RCD: 

P. RCD m 7r/K 
i = --. 7r/K' 

CT PT 
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(6.7) 

The D0 detector has a small decay volume of radius 0.84 m, which helps to suppress 

these decays. Substituting the numbers for CT and m 7r/K published by the Particle 

Data Group [54] into (6.7) gives the decay probabilities for each meson: 

P
7r

± = 0.015 ~eV Ic 
Pr 

P 
0.074 GeV Ic 

K± = K± 
PT 

PKO = 0.0073K~eV/c. 
L L 

PT 

(6.8) 

(6.9) 

(6.10) 

The ISALEP event weight is multiplied by the probability, W, obtained by 

substituting (6.8), (6.9), or (6.10) into (6.6). 

The Monte Carlo then decays of the meson to create products with the correct 

four-vectors and saves them in the same format as the particles generated by 

ISALEP. The decays included in the Monte Carlo are 

+( -) + (--) 71" 71" ~ J-L 1I/l P, 1I/l , 

and 

This Monte Carlo sample was used only in the determination of the "QCD" 

mass distribution described in Chapter 7. 
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Chapter 7 

Determination of Signal and 

Background Contributions 

7.1 Contributions to the Y and Drell-Yan Can-

didate Sample 

For events in the dimuon invariant mass range 6 - 35 Ge V / c2
, the contribut

ing physics processes are T, Drell-Van, and heavy flavor production, including 

events in which one muon is from the semileptonic decay of a heavy quark and the 

other is from the decay-in-flight of a 7l"±, K± or Ka in the central tracking volume 

of the detector. Background contributions are from cosmic ray muons. Events 

from two muonic decays of pions or kaons within jets were determined to be a 

negligible contribution to the non-isolated dimuon sample used in the BO - If 
mixing analysis [59]. The contribution to the isolated dimuon sample is even less 

because these decays occur within jets. For this analysis, the heavy flavor and 

heavy flavor plus decay contributions are considered collectively as "QeD". 
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7.2 The Maximum Likelihood Fit Method 

A maximum likelihood fit to several distributions was used to extract the signals. 

In order to determine the fraction of the sample, Aj, from each of the contribut

ing physics processes, i, i = 1, ... ,in, described in the previous section, it was 

necessary to maximize the log-likelihood function 

L = InC 

with respect to the variables Aj. The likelihood function, C, is given by 

where the functions vi(mk), k = 1, ... , kn are the probability distributions for the 

variables mk, chosen for these analyses to be mass, isolation, and floating time, and 

the product in i is over all in events. The determination of these distributions is the 

subject of the next section. The parameters Aj are subject to the normalization 

constraint 

jn 

I:Aj = 1. (7.1) 
j=1 

This condition is included by transforming to a set of in - 1 independent param

eters, 8j, where 0 < 8j < 1. For a fit including four contributing processes, the 

transformation is given by the following set of equations: 

Al 81 

A2 (1 - 8J) .82 

A3 - (1 - ( 1) • (1 - ( 2) .83 

A4 - (1 - ( 1) • (1 - ( 2) • (1 - (3 ), 
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These satisfy the normalization condition (7.1). The CERNLIB package MINUIT was 

used to find the minimum of L with respect to the parameters OJ. The required 

set of conditions are that the derivative with respect to each variable be zero. 

8(-2.1nL) 
a~. = 0, i = 1, .. ·,in-1. 

1 

The minus sign is necessary because the MINUIT program finds the minimum, not 

the maximum of a function. The factor of two is included so that a change of 

Ll( - 2 . In L) = + 1 from the minimum value of the function corresponds to 100 

Gaussian errors on Aj • The MINOS error analysis package called from MINUIT 

finds the contour in the in-dimensional space which corresponds to Ll( - 2 ·In L) = 

+ 1 above the minimum, and determines the maximum deviation in each of the 

variables OJ along this contour. In general, this contour will not be symmetric in 

the variables OJ and therefore the upper and lower errors will often be asymmetric. 

7.3 Input Distributions to the Maximum Like-

lihood Fit 

The success of the maximum likelihood fit method depends on choosing input 

distributions of parameters which are qualitatively different for the contributing 

processes. Once the correct parameters to use are determined, the validity of the 

results will depend strongly on how correct the input distributions are. Therefore, 

wherever possible, distributions were obtained from several different sources to 

reduce the systematic errors. 

The systematic uncertainties due to the input distributions were determined 

by performing the fit several times using input distributions from different sources. 

The maximum fluctuation of the cross section for different reasonable distributions 

of a given parameter was taken to be the 300 uncertainty due to that input. These 
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uncertainties are discussed further in Section 7.9. 

7.3.1 Muon Isolation Halo 

The isolation halo of a muon is defined to be 

11. = L EeaJ- L EeaJ, 
LlR<O.6 LlR<O.2 

where L:LlR<O.6 EeaJ and L:LlR<O.2 EeaJ are the energies In the calorimeter cells 

summed over tl.R = 0.6 and tl.R = 0.2 cones about the muons. The cone size, tl.R 

is defined to be 

where tl.1J is the width in pseudorapidity and tl.cp is the width in the azimuthal 

direction. One expects considerably different distributions for muons produced in 

jets, as in QeD events, and for isolated muons, like those from T , Drell-Van, and 

cosmic ray events. Since the halo and I;NN cuts are correlated, when making the 

input distributions to the fit, only muons which pass the I/~NN cut are used. 

The events for the signal halo distribution are obtained by making the same 

cuts as in the data selection except that the biased muon is required to be isolated 

by making the cuts 11. < 5 Ge V and I/~NN < 2. The other muon is then consid

ered to be unbiased for isolation studies. In addition, the events are required to 

have dimuon invariant mass consistent with T production, 9 Ge V / c2 < M/J/J < 

10.75 Ge V / c2
, to enrich the contribution from isolated processes. The floating 

time (defined below) and dimuon invariant mass distributions, shown in Fig. 7-1, 

are consistent with a sample composed mainly of T events. 

The sample used to obtain the QeD halo distribution shown in Fig. 7-2 was 

obtained from the data using the same cuts as for the data selection except that the 

biased muon in the event was required to have 11. > 6 Ge V. It is still required that 
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both muons in the event pass the I,~NN cut, as in the data selection. As shown in 

Fig. 7-2, the floating time and dimuon invariant mass distributions are consistent 

with a sample of QCD events. Distributions are similar for the like-signed dimuon 

sample (dotted lines). 

7.3.2 Floating Time 

As shown in Fig. 7-3, the position of a muon track within a given drift tube in the 

bend view is proportional to the difference between the time of the beam crossing, 

to, and the arrival time of the charge at the anode wire, ti: 

If one allows the to to be a free parameter, tt, and refits all points on the track and 

the vertex, one gets a best fit of tt, the floating time. For beam-produced tracks, 

one expects a distribution which is peaked at zero, the time of beam crossing. 

There are cases where the floating time fit failed even though the track was still 

good. This can happen when there are not enough hits on the track or if the track 

was poorly fit to begin with. Rather than throw out these otherwise good events, 

they were given a floating time of -599 and included in the fit. 

The floating time distribution for tracks from cosmic rays was obtained using 

data collected during special cosmic ray runs and also from a scanned event sample. 

The cuts used to select events from the cosmic ray runs are summarized in Table 7-

1. While the crossing time is random for cosmic rays, the arrival time after drift 

is determined by the time of crossing, position, and angle of the track, giving the 

distribution shown in Fig. 7-8. As a check, an independent sample was selected 

from the data by eye-scanning. The cosmic ray events are easily identified by hits 

in the CD or calorimeter which do not project to the event vertex in the bend and 

non-bend views and by tracks or hits in the muon chambers which are opposite the 
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Figure 7-1: Distributions of the sample used to obtain the signal halo. Only events 
with mass in the range of the T (between dashed lines, bottom) are used to obtain 
the halo distribution (top left). The floating time of these events is also shown 
(top right). 
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Figure 7-2: Fit to the QCD (upper left) halo distribution. The QCD halo distri
bution was selected from the unlike-signed data sample with the same cuts used 
to select the data, except the biased muon was required to be non-isolated. The 
floating time (top right) and mass (bottom) distributions indicate that there is 
little contamination from T , Drell-Van, or cosmic ray events. The dotted curves 
are from the like-signed data with the same cuts. 
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Table 7-1: Cuts used to select events for the cosmic ray floating time distribution 
from the cosmic ray runs. 

Selection of Events from the Cosmic Ray Runs 
Two Muon Tracks of Opposite Sign 

6 GeV Ic2 < MI-'l-' < 40 GeV Ic2 

Quality Flag (IFW4) = 0 for Each Muon 
11J1-' I < 0.8 

p~ > 3.25 GeV Ic 
cpl-' ~ 80° OR !pI-' ~ 110° 

track in () and cp. The necessary criteria for an event to be considered a cosmic ray 

event are shown in Figs. 7-4 to 7-7. The agreement between the two distributions 

is shown in Fig. 7-8. 

A sample of J l"p events was used to determine the shape of the floating time 

distribution for beam-produced muons. A sample of QCD events was used to 

confirm the shape obtained from the J l"p sample. Both were extracted from the 

data sample using nearly the same selection cuts as used to select the data except 

the global fit requirement was tightened to X2 =:; 50 . Additionally, it was required 

that one of the muons be non-isolated with the cut 1-£ 2:: 5.0 Ge V, and that the 

mass be in the range of the J l"p, 

The same cuts were applied to select the QeD sample, except the mass range 

6.0 GeV Ic2 ~ MI-'/J =:;25.0 GeV Ic2 

was used. Figure 7-9 shows the agreement in the distributions from the indepen

dent samples. This agreement gives one greater confidence that the true distribu

tion for beam-produced muons was found. Only the J l"p sample was used in the 

fit, since this sample should contain no cosmic rays due to the small opening angle 
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of the dimuons. The fits to the signal and cosmic ray distributions used to fit the 

data are shown in Fig. 7-10. 

7.3.3 Dimuon Invariant Mass 

One can expect to get good separation of the relatively sharp T mass peak and the 

non-resonant Drell-Van and QCD contributions from the mass fit. Since the same 

halo and floating time distributions are assumed for T and Drell-Van contributions, 

the only discrimination between these processes comes from the mass fit. 

The cosmic ray mass distribution was obtained by applying the same cuts as in 

the data selection, except the I:INN Ecal cut was replaced with a cut of I:INN Ecal ::; 

0.5 Ge V on both muons. This cut was chosen because cosmic rays are not expected 

to pass through the event vertex and because it is not expected to be strongly 

correlated with the dimuon invariant mass. 

The QCD, T, and Drell-Van mass shapes were taken from the fully simulated 

Monte Carlo sample. The QCD Monte Carlo sample consisted of a combination of 

bb/ cc and heavy flavor plus decay events. The events used for the QCD and Drell

Van mass distributions were required to pass the MU-2_HIGH Level 1 and Level 

2 triggers in the simulator, since these distributions are affected by the turn-on 

of the trigger around 6 Ge V / c2 • Since it was demonstrated that the trigger has 

a negligible effect on the shape of the T mass distribution, these events were not 

required to pass the trigger in order to maximize the statistics. These distributions 

are shown in Fig. 7-11. 

7.4 Fit to Unlike-signed Dimuon Sample 

Signal and background contributions were determined by performing a maximum 

likelihood fit to the unlike-signed data selected with the cuts described in Chap-
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Table 7-2: Summary of contributions to the T and Drell-Yan candidate sample. 

Subprocess 
T 

Cosmic Ray 
QCD 

Drell-Yan 

Number of events 
90 ± 11 

8~~ 
120~~~ 
31~n 

ter 4. The results of the simultaneous fit of candidate events are summarized 

in Table 7-2. Figure 7-12 shows the result of this fit for each distribution. The 

log-likelihood function is plotted near the minimum for each of the independent 

variables, OJ, in Fig. 7-13. These plots were determined by varying one of the 

variables OJ at a time, while keeping the others fixed at the minimum. It is clear 

that correct minimum of the function was found. Correlations between dimuon 

invariant mass, muon halo, and floating time were determined to be negligible by 

considering two-dimensional scatter plots in pairs of these variables. 

7.5 Consistency Check: Fit to Mass and Float-

ing Time Only 

While the fit to the halo distributions is very important in separating the Drell

Yan and QCD distributions, it is less important in determining the T contribution, 

which is constrained primarily from the fit to the dimuon invariant mass. Since the 

halo input distributions are subject to the largest systematic errors, it was required 

that the fits with and without halo give consistent numbers for the T contribution. 

As shown in Table 7-3, the number of T events is in good agreement with the re

sults of Section 7.4. The fits to the individual distributions are shown in Fig. 7-14. 

It is apparent that when the halo is not included, the fit does not have enough in-
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formation to separate the non-resonant Drell-Yan, QCD, and cosmic ray processes. 

7.6 Consistency Check: Fit With Relaxed Iso-

lation Cut 

In order to test the stability of the T and Drell-Van results, the I/~NN cut was 

relaxed: 

Relaxing this cut let in approximately 20 events. The cut was not loosened too 

much, however, because this would make it necessary to refit the halo distributions 

which are strongly correlated with this cut. 

The simultaneous fit was then rerun to see if the results were in agreement with 

the lower background sample. As shown in Table 7-3, the results are consistent 

with the results obtained from the fit to the candidate sample. As expected, 

most of the events let in were found to be QCD events by the fit. However, one 

would also expect a slight increase in the number of T events due to the increased 

efficiency of the looser cut. The slight decrease is probably due to the fact that 

the input halo distributions were determined for events passing a cut of I~NN < 3, 

not I~NN < 3.5. The data distributions of Fig. 7-15 are still described quite well 

by these input distributions. 
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Table 7-3: Comparison of signal and backgrounds from fits to the candidate sample 
(I~NN < 3), a sample with the I~NN cut relaxed (I~NN < 3.5), and a fit to the 
candidate sample with no halo fit (I~NN < 3, no 1-£ fit). 

Subprocess 
Isolation Cut 

T 
Cosmic Ray 

QCD 
Drell-Yan 

J2NN < 3 
/J 

90 ± 11 
8+6 

-5 

120~~~ 
31+11 

-10 

N umber of Events 
J2NN < 3 5 J2NN < 3 no 1-£ fit /J • /J , 

84 ± 11 98 ± 16 
8+6 

-5 
145+14 

-15 
31+11 

-10 

7.7 Consistency Check: Fit With Relaxed Cos-

mic Ray Cut 

Since the number of cosmic ray events in the sample after cuts is small, a good 

test to show that the cosmic ray distributions are reasonably well described is to 

relax one of the cosmic ray rejection cuts and refit to see that a good fit to all 

distributions can still be obtained. A fit was performed on a sample with the 

L:INN EcnJ ~ 1.0 GeV cut removed. If the distributions are correct, the number 

of events for each process from this fit, except cosmic rays, should be consistent 

with the number expected from the fit to the candidate sample if one accounts for 

the increased efficiency. The number of events for each process given by this fit 

as well as the number expected from the candidate sample after dividing by the 

efficiency are summarized in Table 7-4. There is good agreement with the number 

expected. Figure 7-16 shows the results of fitting the candidate sample with this 

cut removed. A good fit to all distributions is obtained. 
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Table 7-4: Signal and background summary for the Y ~ 1"1" sample with the 
EINN Ecal cut relaxed. The right column is the number expected from the candi
date sample after dividing byeM/P. 

Subprocess From Fit Expected 
Y 92+12 

-11 97 ± 12 
Cosmic Ray 27 ± 8 

QeD 136+14 
-15 131+14 

-16 
Drell-Yan 29+11 

-10 34 ± 11 

7.8 Consistency Check: Fit to Like-signed Di-

muon Sample 

Another check is to fit the like-signed dimuon sample, selected with the data selec

tion cuts of Tables 4-3 and 4-4, except that the muons were required to have the 

same sign. Aside from cases where a muon is reconstructed with the wrong sign, 

either due to multiple scattering in the toroid or due to mistracking, one expects 

to see no like-signed Y or Drell-Yan dimuons. Like-signed dimuon pairs can be 

produced through EO - If mixing, from sequential b ~ c decays, heavy flavor 

plus a 7r / K decay, and from cosmic rays which happen reconstruct as like-sign 

pairs. Table 7-5 shows the numbers of events determined by this fit along with the 

number expected from the candidate sample using 

Niikc-signcd = (1 - eapp. sign) • Nunlikc-signcd. 

eapp. sign was obtained by averaging the efficiency shown in Section 5.3.5 over Pf and 

m"Y· for Y and Drell-Yan processes, respectively. The number of T and Drell-Yan 

events obtained from the fit is consistent with what is expected from the candidate 

sample. The resulting fits to each distribution are shown in Fig. 7-17. 
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Table 7-5: Summary of contributions to the like-signed sample resulting from the 
fit. The number expected from the candidate sample, is shown on the right. 

Subprocess From Fit Expected 
T 3+4 -0 2+3 

-0 

Cosmic Ray 15 ± 5 
QCD 55+5 

-7 
Drell-Yan 0+4 

-0 O±O 

7.9 Systematic Uncertainties in the Maximum 

Likelihood Fit 

As discussed in Section 7.2, 10' uncertainties in the determination of the minimum 

by MINUIT are calculated by the MINOS utility. These uncertainties reflect the 

width or sharpness of the minimum in the four-dimensional OJ-space. The number 

of events given in Table 7-2 include these uncertainties. 

In addition, there are systematic uncertainties in the choice of distributions 

used as input to the fit. These uncertainties are not represented in Table 7-2, 

but are included as pj.- and m'Y· -dependent uncertainties in the determination 

of dN/dpT and dN/dm in Section 8.1. These uncertainties were determined by 

selecting distributions from different reasonable sources and refitting to see how 

N r and ND- y change. An estimate of these uncertainties was obtained by taking 

the maximum deviation of N r and ND- y to be the 30' systematic uncertainties. 

As discussed in Section 7.5, the most uncertain of these is the muon isolation 

halo distributions. The range of isolated event distributions were obtained from 

W --+ /LV samples with and without an opposite jet cut and samples in the dimuon 

invariant mass range 9-10.75 GeV /c2 selected with different isolation halo cuts to 

the biased muon ranging from 3-7 GeV. QCD distributions were selected using 

like- and unlike-signed events with non-isolation cuts to the biased muon ranging 
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from 3-8 Ge V. 

Uncertainties due to the cosmic ray floating time input distributions were es

timated using scanned cosmic ray events and a sample collected from the special 

cosmic ray runs, discussed in Section 7.3.2. Similarly, the J /7/J and QCD samples 

discussed in that section, were used to estimate the uncertainty due to the beam 

event floating time distribution. 

The dimuon invariant mass distribution of the T was checked using a sample 

of ISAJET Drell-Yan events generated at 9.46 Ge V / c2
• This distribution and that 

obtained using the T Monte Carlo were found to be nearly indistinguishable. An 

uncertainty of 1 % was assigned to this source. There is very little uncertainty in 

the Drell-Yan mass distribution from ISAJET over the range 6-35 GeV /c2, as the 

approximate 1/ M3 behavior of the cross section is well established. The Drell

Yan cross section determined by this analysis, shown in Chapter 8, confirms this. 

An independent cosmic ray dimuon invariant mass distribution was determined 

using the cosmic ray special run sample. This resulted in only a 1% difference 

in the number of events after refitting. A 2% uncertainty due to Monte Carlo 

dependences of the QCD dimuon invariant mass distribution from ISALEP was 

determined using a sample with gluon splitting contributions removed. The results 

of these studies are summarized in Table 7-6. 

7.10 Summary 

The results of the maximum likelihood fit to the dimuon invariant mass, muon 

isolation halo, and floating time distributions in the unlike-signed candidate event 

sample are summarized in Table 7-2 and Fig. 7-12. Floating time and halo distri

butions were extracted from data samples. Dimuon invariant mass distributions 

were obtained from data and Monte Carlo samples. Several cross checks were per

formed to ensure the stability of the results. Uncertainties in the determination of 
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Table 7-6: Systematic uncertainties in the number of events due to the fit input 
distributions. 

Source 
Isolated Halo 

QCD Halo 
Cosmic Ray Mass 

T Mass 
QCD Mass 

Drell-Yan Mass 
Beam t6 

Cosmic Ray t6 
Total Fit Input Uncertainty 

3% 
3% 
1% 
1% 
2% 
1% 
1% 
1% 
5% 

5% 
5% 
1% 
1% 
2% 
1% 
1% 
1% 
8% 

the minimum were calculated using the MINOS error analysis utility in MINUIT. A 

range of input distributions was used to estimate the uncertainties resulting from 

systematic errors in the input distributions. 
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Figure 7-3: The floating time is calculated by performing a refit of the muon track, 
letting the beam crossing time be a free parameter in the fit. 
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Figure 7-4: Side view of the calorimeter and CD. Hits can be seen in the CD 
which miss the event vertex by a large margin. The minimum ionizing energy in 
the calorimeter also does not project to the event vertex. 
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Figure 7-5: Side view of the De> detector. Since a cosmic ray muon will lose 
considerable energy as it traverses the full '" 26A of the detector, one expects the 
track in the lower hemisphere of the detector to have a larger bend angle in the 
toroid than the track in the top hemisphere. 
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Figure 7-6: End view of the Central Tracking chambers. The real track of the 
cosmic ray passes through the left side of the CDC, just outside the TRD. 
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Figure 7-7: End view of the D0 detector. The direction of the muon is consistent 
with the direction of the track in the CD. The minimum ionizing energy appears 
to be spread over many so-towers in the calorimeter, confirming the large impact 
parameter in the non-bend view. 
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Figure 7-8: Cosmic ray floating time distributions are extracted from cosmic ray 
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Figure 7-15: Results of a simultaneous fit of the mass, halo, and floating time 
distributions with the I;NN cut relaxed to let in QeD events. 
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Figure 7-16: Results of a simultaneous fit of the mass, halo, and floating time 
distributions with the EINN ECIlI cut relaxed to let in some cosmic rays. 
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Chapter 8 

Cross Section Results 

8.1 Determination of the Differential Distribu-

tions 

In order to determine the differential cross section with respect to a given kinematic 

variable, du j dv, where v is the dimuon PT or invariant mass, it was necessary 

to determine the distribution of events in that variable. The number of events 

in each bin in v, dNjdv, was extracted by performing an event-by-event fit to 

the distributions used in the maximum likelihood fit described in Chapter 7. To 

determine the number of events in each bin in v from a given contribution j, it 

was necessary to sum over all in events in the sample weighted by the probability 

that the event was from that contributing process: 

in 

Nj = LWij. (8.1) 
i=l 

For a given event, i, the probability that it comes from a given physics process 

j is given by Wij: 

A I1kn i( i) 
j. k=l vk mk 

Wij = E1~1 [A j • I1Z~l vi(mO] . 
(8.2) 

In (8.2), vi(mk) is the probability distribution in variable mk for physics process j. 
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For this analysis, the variables :I:k are the mass, isolation, and floating time, and 

V~(:I:k) are the distributions for T, Drell-Yan, QCD, cosmic ray physics contribu

tions. The coefficient Aj in (8.2) is the total fraction of events in the sample from 

contribution j. These coefficients were determined by the maximum likelihood fit 

to the total sample described in Chapter 7. 

Uncertainties in the fit input distributions are potentially p'f- and m'Y· -de

pendent. In Section 7.9, systematic uncertainties in the total number of T and 

Drell-Yan events due to these distributions, [O"NtoJNtoth and [O"NtoJNtot]o_v, were 

calculated. It was necessary to convert these uncertainties in the total number of 

T and Drell-Van events into uncertainties in the number in each bin i, [O"NJ Ndi 

and [0" N; / Ni ] 0-v. The fractional uncertainty in the total number of events is related 

to the fractional uncertainty in the number in each bin by 

(8.3) 

where n is the number of bins and Ni is the number of events in bin i. If we assume 

the fractional uncertainty in all bins to be approximately the same, 

(~l) ~ (:;:) ~ ... ~ (:;:) = (:;) (8.4) 

the expression (8.3) the can be solved for the uncertainty in each bin 

( O"N) (O"Ntot) Ntot 
Ii = Ntot . [Ei=l Nl]l/2' 

(8.5) 

This results in an uncertainty in number of events in each bin which is approxi-

mat ely twice as large as the uncertainty in the total number of events: 

(:;)o-v = 0.18. 
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8.2 Unfolding the Detector Resolution 

In order to extract the differential cross section in kinematic variable v, the dN / dv 

distribution had to be unfolded to account for the finite resolution of the D0 

detector. The limitation on the p'f and m"Y· resolution is due almost entirely to 

the smearing of the muon momentum from multiple scattering in the calorimeter 

and toroid and from limitations on the resolution of the WAMUS PDT's. The 

smearing of the muon rapidity and azimuthal angle is only a small contribution 

in comparison. These effects are simulated in the T and Drell-Van Monte Carlo 

samples, which were processed with D0GEANT, MU_SMEAR, and trigger simula

tions. Monte Carlo events used to determine the smearing matrix were required 

to pass the MU_2JUGH filter in the simulator, but not the ofRine muon and event 

selection cuts which were found to be rather uniform in p'f and m"Y·. The muon 

momentum resolution is plotted as a function of muon momentum in Fig. 8-I. 

The dotted curve is the resolution determined from the Z-boson data sample with 

uncertainties indicated by the dashed curves. The solid curve is the momentum 

resolution determined from a Monte Carlo sample of bb and cc events processed 

with the same version of MU~MEAR as used in the T and Drell-Yan Monte Carlo 

simulations. There is good agreement between the Monte Carlo and data. 

The unfolding was done using a method based on Bayes' Theorem [60]. This 

method does not depend on the theoretical shape of the distribution being un

folded. In fact, a uniform theoretical distribution is assumed at the start of the 

unfolding. After a few iterations, the Bayes' Theorem method converges upon 

the correct distribution. The program uses a smearing matrix for the kinematic 

variable v and the data distribution in v as input. The smearing matrices were 

determined using the T and Drell-Van Monte Carlo samples which were processed 

with D0GEANT, MU~MEAR, and trigger simulations. The Bayes' Theorem pro

gram also performs an error analysis to give bin-by-bin uncertainties of the number 
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Figure 8-1: Momentum resolution functions obtained from the Z-boson data sam
ple (dotted) and from the hie Monte Carlo processed with MU_SMEAR (solid). The 
resolution from the ble Monte Carlo is within the uncertainty of the determination 
using the Z-boson data sample (dashed). 
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(right) from the event-by-event maximum likelihood fit before (line) and after 
(points) unfolding. Only the errors due to unfolding are shown. 

of events. As shown in Fig. 8-2, the effect of the unfolding and associated uncer

tainties are of order 10%. 

As a check to the method, reconstructed Pt and m'Y' distributions from samples 

of Monte Carlo events passing the MU_2_HIGH filter in which both muons were 

reconstructed were used as input to the unfolding program. It was verified that 

the Bayes' Theorem method can reproduce the unsmeared distribution of these 

events. The results of the test, shown in Fig. 8-3, confirm the reliability of this 

method. 

8.3 T Cross Section Measurement 

Using the methods outlined above, the unfolded number of T events in each Pt bin, 

dN/dpT, was determined. The T cross section for each bin was calculated by 

dividing the number of events by the trigger efficiency, Ctrig, the efficiency of the 
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Figure 8-3: As a test to the PT (left) and mass (right) unfolding, the reconstructed 
Monte Carlo distribution was unfolded (data points). This is compared with the 
unsmeared Monte Carlo distribution (solid line). 

offline event selection, Cach the integrated luminosity, and the width of the PT bin: 

do-[Y(IS, 2S, 3S) -. 1-£+1-£-] _ NT 
dPT - (Ctrig' cacl • J Ldt . i1PT)' 

The determination of the integrated luminosity and efficiencies were discussed in 

Chapters 4 and 5, respectively. All inputs to the calculation of the Y cross section 

are summarized in Table 8-1. Uncertainties in the number of Y events in each 

bin, shown Table 8-1, reflect those due to the fit input distributions and unfolding 

of detector resolution, but not those due to minimization of the log-likelihood, 

which only affects the total number of events. The pj. centroid for each bin was 

calculated by taking the weighted average of data points in that bin. 

Figure 8-4 shows the inclusive Y cross section BR· do-/ dPT as well as the pre

diction of the O(a~) Y Monte Carlo based on the Mangano calculation using 

the MRSDO structure function set. This theoretical prediction is based on the 
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Table 8-1: Numbers input to the T cross section calculation along with the Pt
dependent systematic uncertainties. The pt-independent systematic uncertainties 
are included separately in Table 8-2. 

Variable Value 
Pt Bin [GeV/c] 0- 3 3- 5 5- 8 8- 12 12- 25 

Pt [GeV Ic] 2.2 3.9 6.3 9.4 15.6 
Ny 26±4 31 ±4 18 ±3 10 ± 2 4±1 

etrig [%] 6.6 ± 1.2 7.3 ± 1.3 5.3 ± 1.1 10.3 ± 2.1 11.7 ± 3.4 
esci [%] 136+0.8 . -1.1 150+1.0 . -1.3 123+1.0 . -1.2 159+1.5 . -1.7 166+2.3 

. -2.5 
J edt [pb- I ] 6.6 ± 0.4 
flpt [GeV Ic] 3 2 3 4 13 

color-singlet model discussed in Chapter 2. A summary of the cross section 

times branching fraction for each bin is included in Table 8-3. Only statistical 

and Pt -dependent systematic uncertainties are shown in Fig. 8-4 and Table 8-

3. Pt -dependent systematic uncertainties come from the dimuon opening angle 

cut, opposite-signed dimuon requirement, trigger efficiency, fit input distributions 

used in the determination of dN I dPT, and unfolding of the detector resolution. 

Uncertainties in the overall normalization (Pt -independent) are summarized in 

Table 8-2. These are from uncertainties in determination of the minimum of the 

log-likelihood function, luminosity, and Pt -independent selection cut efficiencies 

discussed in Chapter 5. 

The data are at least a factor of five above the theoretical prediction for Pt > 

5 GeV Ic, as shown in Fig. 8-5. For Pt < 5 GeV Ic the measured cross section turns 

over while the O( a~) theory continues to rise because of soft divergences. 

The integrated T cross section times the branching fraction, dO"ldyllJ=o, was 

calculated by integrating dO" I dPT over the Pt bins shown in Fig. 8-4 and dividing by 

the rapidity bin width of fly = 1.4 corresponding to this analysis. The uncertainty 

in the number of T events, Ny, used in calculating the integrated cross section 
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event generator. Only Pt -dependent systematic (wide error bars) and statistical 
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Table 8-2: Systematic errors to the normalization of the T cross section. 

Source 
Total Number of Events (Due to Minimization) 

PT-independent Efficiencies 
Luminosity 

Total 

Uncertainty 
12% 

5% (upper) 8% (lower) % 
5% 

14%( upper ) 15%(lower ) 

180 
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Table 8-3: BR· du I dPT from the T data. The first uncertainty is statistical and the 
second is systematic. Uncertainties in the normalization, summarized in Table 8-2, 
are not included. 

PT Bin 
[GeV Ic] 

0- 3 
3- 5 
5- 8 
8- 12 
12- 25 

PT Centroid 
[GeV Ic] 

2.2 
3.9 
6.3 
9.4 
15.6 

BR· du/dpT 
[pb/GeV Ic] 

146.0 ± 28.6 ± 35.8 
215.5 ± 38.6 ± 50.8 
143.9 ± 33.5 ± 39.4 

23.9 ± 7.4 ± 7.5 
2.13 ± 1.13 ± 1.06 

does not include the uncertainty in the pj. unfolding because this only changes 

the pj. distribution while preserving the total number of T. The integrated cross 

section times branching fraction obtained in this way was found to be: 

du[T(lS,2S~3S) -t 1-£+1-£-][ = 1017 ± 108 (stat)~~~~ (sys) pb. 
y u=O 

8.4 Drell-Van Cross Section Measurement 

The mass distribution of the Drell-Yan events, dNldm, was determined using the 

event-by-event fit and Bayes' unfolding described above. The number of events 

per mass bin from the fit before and after unfolding are shown in Fig. 8-2. 

The differential Drell-Yan cross section for each bin was calculated using the 

expression 

3 d2
u [3 NDY m -- - m . ...,--------,----..,.. 

dmdy u=O - (Ctrig • Csci • f Ldt . flm· fly)' 
(8.6) 

where NDY is the number of events, Ctrig is the trigger efficiency, and Csci is the 

total selection efficiency for each mass bin. The integrated luminosity f Ldt and 

the rapidity region fly = 1.4 are the same as for the T analysis, above. The 

mass centroid m for each bin which appears in (8.6) was determined using the 
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Table 8-4: Systematic uncertainties in the normalization (m'Y· -independent) of the 
Drell-Van cross section. 

Source 
Total Number of Events (Due to Minimization) 

Mass-independent Efficiencies 
Luminosity 

Total 

Uncertainty 
34%( upper )31 % (1ower ) 
5% (upper) 8% (lower)% 

5% 
36%( upper )33%(1ower) 

Table 8-5: Numbers input to the Drell-Yan cross section calculation along with 
the m'Y· -dependent systematic uncertainties. The m'Y· -independent systematic un
certainties are included separately in Table 8-4. 

Variable Value 
m IJIJ [Ge V / c2

] 6- 9 9- 12 12- 15 15- 18 18- 32 
ND-l' 8±2 7±2 6±2 5±1 6±2 

m [GeV /c2
] 7.5 10.5 13.4 16.8 23.2 

Ctrig [%] 2.3 ± 0.6 8.3 ± 1.9 12.4 ± 3.0 17.3 ± 3.8 18.1 ± 3.9 
cscl [%] 164+1.5 . -1.8 12 1+1.4 . -1.6 11 7+1.7 . -1.9 94+1.9 

• -2.0 129+1.8 . -1.9 
J Cdt [pb] 6.6 ± 0.4 

fly 1.4 
flm'Y· [GeV /c2] 3 3 3 3 14 

O(a~) theory of Van Neerven [21]. The numbers input to this calculation are 

summarized in Table 8-5. 

Fig. 8-6 shows this cross section compared with the partial NNLO (O( a;) ) 

calculation of Van Neerven. The corresponding cross section numbers are summa-

rized in Table 8-6. The systematic uncertainties in Fig. 8-6 and Table 8-6 reflect 

only those which depend on the photon mass. Uncertainties which affect only the 

normalization of the cross section are summarized in Table 8-4. There is excellent 

agreement between this measurement and the theoretical prediction. 
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Table 8-6: BR· m 3d2u/dmdylll=o from the Drell-Yan data. The first uncertainty 
is statistical and the second is systematic. Uncertainties in the normalization, 
summarized in Table 8-4, are not included. 

Mass Bin 
[GeV /c2

] 

6- 9 
9- 12 
12- 15 
15- 18 
18- 32 

Mass Centroid 
[GeV /c2

] 

7.5 
10.5 
13.4 
16.8 
23.2 

BR· m 3 d2u/dmdylll=o 
[pb. GeV2/c4] 

28.9 ± 10.3 ± 11.7 
26.4 ± 10.2 ± 9.8 

35.5 ± 14.4 ± 14.2 
46.5 ± 21.5 ± 19.2 

22.4 ± 9.4 ± 9.4 
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Chapter 9 

Discussion of Results 

9.1 T Cross Section at VB == 1.8 TeV 

As noted in Chapter 8, the data are at least a factor of five above the O( a~) color

singlet model prediction in the region Pf > 5 Ge V I c. Below this Pf, the measured 

cross section turns over while the O(a~) theory continues to rise because of soft 

divergences. One can describe the turn over at low Pf with a reasonable assumption 

of non-zero initial transverse momentum of the partons [61] to account for multiple 

soft gluon emission from the initial state. The two initial state partons are given an 

initial transverse momentum, kT, randomized according to a Gaussian distribution 

and randomized in azimuthal angle. The vector sum of the transverse momenta of 

the two partons is calculated; the vector sum of this with the transverse momentum 

of the T given by the Monte Carlo is taken to be the new T transverse momentum. 

If the cross section is also multiplied by a K-factor of 3.5 and an average initial 

transverse momentum, (kT ), of 3 GeV Ic is given to the partons, the data are 

described quite well, as shown in Fig. 9-2. 

The CDF collaboration has presented preliminary results of their measure

ments of the T(IS), T(2S), and T(3S) cross sections [62]. Because the mass 
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Measurements of Total T Cross 5ection at v'S=1.B TeV 

D~ Data 

I ~ I CDF Preliminary Data 

BOO 1000 1200 1400 1600 
da[ T(1 5.25.35) ~ J..L+J.t-l/dy Iy• o [pbJ 

Figure 9-1: Measurements of the total cross section du[T(lS, 2S, 3S) --+ 

p,+ p,-]fdylu=o at y's = 1.8 TeV. 

resolution of the CDF detector in the T mass range is approximately 0.1 GeV Ic2
, 

they were able to resolve the three T states. As with the D0 data, the CDF 

T(lS) and T(2S) cross sections, shown in Figs. 9-3 and 9-4, are in excellent agree

ment with the theory after applying the same K-factor of 3.5, and with the choice 

of (kT) = 3 GeV Ie. The CDF T(3S) cross section, however, requires a K-factor 

approximately 13 to describe the data, but is still consistent with the choice of 

(kT) = 3 GeV Ie, as shown in Fig. 9-5. The total T cross section measurements 

from this analysis and CDF are shown in Fig. 9-1. There is excellent agreement 

between the two measurements. 

Fueled by the D0 and CDF T and J 11/J cross section measurements, theorists 

have been working to understand the cause of the large surplus in the observed 

heavy quarkonium cross sections compared to the theoretical predictions [10, 63, 

15, 25]. A few of the most likely causes are described below. 
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Figure 9-2: Comparison of the D0 data with the O( a~) theory after including 
a K-factor of 3.5 and different average initial transverse momenta of the partons. 
Only P7'-dependent systematic (wide error bars) and statistical (narrow error bars) 
uncertainties are shown; an overall normalization uncertainty of ~1~ % is not shown 
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Figure 9-4: Comparison of the preliminary CDF 1(28) data with the CJ(Q~) theory 
after including a K-factor of 3.5 and with different average initial transverse mo
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Inclusive T(3S) Production, Iyl < 0.4 
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Figure 9-5: Comparison of the preliminary CDF T(3S) data with the O( a~) theory 
after including a K-factor of 13 and with different average initial transverse mo
menta of the partons. Systematic (wide error bars) and statistical (narrow error 
bars) uncertainties are shown. 
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9.1.1 Discussion of Results 

While the CJ( a~) QCD predictions for heavy quarkonium production have provided 

a reasonable description of data from lower energy experiments, this description 

is inadequate to describe the present measurements at Vs = 1.8 Te V. An ear

lier measurement of the inclusive T cross section by the U Al collaboration at 

Vs = 630 Ge V was systematically high by approximately a factor of two [22], 

indicating a disagreement at higher energies. As discussed in Chapter 1, orders

of-magnitude discrepancies between the measured J /1/J and 1/J' cross sections and 

the theoretical predictions have prompted theorists to consider other quarkonium 

production processes. As shown in Figs. 1-2 to 1-4, production through gluon 

and charm fragmentation accounts for much of this deficit in the kinematic region 

PT > 2Mqq of the recent J /1/J and 1/J' measurements, where these contributions 

are important. Fragmentation processes are not expected to have a significant 

contribution to production of bottomonium in the region of this measurement, 

0< PT < 2Mqq• 

Color-octet production of bottomonium has been proposed as a likely candidate 

to describe part of this disagreement [63]. These processes proceed through the 

production of an intermediate color-octet state as follows: 

99 ~ (bb )color-8 ~ T 

or 

99 ~ (bb )color-8 ~ Xb. 

The transformation from a color-octet state, where the band b are of different 

color charge, to an out-going color-singlet state involves non-perturbative mecha

nisms. Presently, there are only crude phenomenological models to estimate the 

importance of these mechanisms. Work is in progress to derive a theory from first 
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principles. 

One can get an order-of-magnitude estimate [63] of the ratio of color-octet to 

color-singlet production of S- and P-wave states using 

and 

oo[gg ~ (bb)color-8 ~ T] rv [Clsmb] -1 v4 
oo[gg ~ (bb)color-l ~ T] 7r 

oo[gg ~ (bb)color-8 ~ Xb] rv 1 
oo[gg ~ (bb)color-t ~ Xb] 

(9.1) 

(9.2) 

where v is the relative velocity of the heavy quark in the meson. Using the un

certainty principle, v 2 
rv 1/10 for bottomonium. These expressions are for direct 

production in the sense that they do not include feed-down from radiative decays 

of other bottomonium states. It is clear from (9.1) and (9.2) that color-octet con

tributions will be much more important to production of Xb states than production 

of T states. Thus, these contributions will proceed through production of Xb states 

which radiatively decay to T states. Furthermore, from (9.2), we expect these con

tributions to be of the same order of magnitude as the color-singlet contribution 

from Xb states. 

Historically, information about the existence of Xb states is obtained by ob

serving radiative decays of T(2S) and T(3S) states produced in e+e- collisions, 

where direct production of Xb states is strongly suppressed due to their quantum 

numbers. Since the T( 4S) state lies above the BB threshold, decays of this state 

by production of B-mesons will be strongly favored over radiative decays. Thus, 

there is a window between the T(3S) and the BB threshold, shown as a hatched 

area in Fig. 9-6, which is inaccessible to measurements at e+ e- colliders and may 

contain higher P- or D-wave states. The anomalously high T(3S) cross section 

reported by CDF supports this hypothesis. One might expect larger branching 

fractions to the T(3S) state than to T(lS) and T(2S) state. Thus, one would see 
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an enhancement of the T(3S) cross section relative to lower S-wave states. 

Even after determining likely causes for the disagreement between the pre

dicted and measured cross sections, the derivation of a complete theory of heavy 

quarkonium production from first principles poses a considerable challenge, since 

it includes non-perturbative as well as perturbative elements. Work has recently 

begun to construct this theory [61, 63, 16]. 

9.2 Energy Dependence of the Y Cross Section 

By combining all of the measurements of the T cross section in p-nucleon collisions 

from experiments at different energies [62, 22, 30, 17, 18, 31, 33, 34, 35, 36], one 

can reconstruct the energy dependence of the cross section. This result is shown in 

Fig. 9-7. The solid theory curve is a phenomenological prediction [25, 19], based 

on the color-evaporation model. As noted in section 2.1.2, this model requires the 

input of parameters from the data. This theory, which uses the new HERA struc

ture functions, is in agreement with the data over a wide range of energies. It is not 

surprising that this prediction is in agreement with the high-energy data, since the 

open bottom predictions are in agreement with the data and the non-perturbative 

part is determined from the data. The fact that one can determine the cross sec

tion accurately at high energies using only low energy data is a great success of the 

color-evaporation model. The dotted line is a more naIve phenomenological model 

based on the low-energy data and pre-HERA structure functions from reference 

[20]. This cross section measurement along with the other high energy measure

ments at CDF and UA1 are in excellent agreement with the predictions of the 

color-evaporation model. 
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Figure 9-6: The bottomonium system. The hatched area may contain higher P
or D- wave states which feed the T states. 
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9.3 Discussion of Drell-Van Results 

Unlike the T measurement, the Drell-Van differential cross section result is in good 

agreement with the partial NNLO calculation of Van Neerven [21] and the previous 

CDF measurements using the dielectron and dimuon channels [24]. Figure 9-8 

shows the results of this measurement along with the published 1988-89 CDF data 

and the partial CJ(a~) calculation of Van Neerven. 

If the data are instead plotted as a function of Vi = m/ VS, one can compare 

the D0 result with measurements at lower energy experiments as shown in Fig. 9-

9. The agreement is quite good. The D0 measurement extends to Vi = 0.004; 

the lowest Vi of any published measurement. The excellent agreement with other 

measurements and the theoretical predictions within the quoted errors are an in

dication that the uncertainties in the maximum likelihood fit and efficiencies are 

well-understood. 

9.4 Future Prospects for Y and Drell-Van Phy

sics at D0 

With the combined Run lA and IE data sample of approximately 100 pb- I 

presently being collected at the Tevatron, one can expect about a factor of 5-

10 increase in statistics over the sample used for this analysis. Improvements in 

the muon chamber efficiencies, triggers, and reconstruction codes have increased 

the efficiency of collecting these events. Cosmic ray backgrounds will be greatly 

reduced using the new scintillator cap to require coincidence with beam crossing 

at the trigger level. 

Through the hard work of several individuals during Run the lA data collection, 

the Level 1.5 muon trigger was commissioned out to the full rapidity coverage of 
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Figure 9-8: BR· m 3cJ2u / dmdyllJ=o of Drell-Van events. Only m(-y*)-dependent sys
tematic (wide tics) and statistical (narrow tics) uncertainties are shown. 
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the D0 detector with two programmable P~ thresholds. This has enabled D0 to 

simultaneously trigger on low PT muons from r, Drell-Van, and other b physics in 

the EF and SAMUS regions while still maintaining low pres cales for high PT muon 

events from W- and Z-boson production. 

The EF regions of the detector suffered great inefficiencies during Run 1A due to 

radiation-induced contamination of the anode wires. During run 1B, this problem 

was solved, and filters which utilize the Level 1.5 muon trigger were implemented 

to take advantage of the increased efficiency. The efficiencies in this region are 

presently under study and work is in progress to extract physics from the region 

1.0 < 1711 < 1.7 using the Run 1B data. 

From the Run 1B data, it will be possible to extract the first measurement of 

the r cross section at high rapidity. U sing muons in the SAMUS region of the 

detector, the differential r cross section in rapidity, du/dy, will be measured out 

to approximately three in rapidity. A clear r signal has been observed in dimuon 

events collected in the region 2.2 < 71 < 3.3 of the D0 detector during Run lB. 

The dimuon invariant mass of these events, which were selected using the criteria 

listed in Table 9-1, is shown in Fig. 9-11. The rapidity distribution of events in 

the mass range of the T, 7-13 GeV /c2 , is shown in Fig. 9-10. 

Using the large rapidity coverage of D0, differential cross sections can be mea

sured at rapidities not accessible to other experiments. Presently, the efficiencies 

of the trigger and selection cuts necessary to extract the r cross section in this 

region are under study, and results can be expected in the near future. 
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Table 9-1: Criteria used to select dimuon events in the SAMUS region of D0. 

Event Selection Criteria 
Muon Rapidity 
MIP Deposition 

Muon Momentum 
N umber of Hits on Track 

Thick Magnetic Field 

At Least Two muons with 2.2 < 1/ < 3.3 
LINN Eca\ > 1.5 GeV 

12 GeV Ic < plJ < 60 GeV Ic 
Nhits > 15 

J Bdl > 1.2 Tm 

.... o 
\... 12 f
Q.l 

7 GeV / c2 < MI¥' < 12 GeV / c2 

.D 
E 
::I 
Z 10 -

8 -

-
6 -

4 f-

2 f-

I I I I o 0 0.5 1.5 2 2.5 3 3.5 
Dimuon Rapidity 

Figure 9-10: Rapidity of dimuon events in the mass region of the T , 7 - 13 Ge V I c2• 
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