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Abstract

This thesis studies Monte Carlo simulations of QCD heavy flavor produc-

tion processes (p_ --, Q(Q)X) at hadron colliders. ISAJET bottom quark

cross-sections are compared to the 0(a 3) perturbative calculation of Nason,

Dawson., and Ellis. These Monte Carlo cross-sections are computed from data

samples which use different parton distribution functions and physics param-

eters. Distributions are presented in the heavy quark's transverse momentum

and rapidity. Correlations in rapidity and azimuthal angle are computed for

the heavy flavor pair. Theory issues which arise are the behavior of the cross-

section at low and high values of transverse momentum and the treatment of

double counting problems in the flavor excitation samples. An important result

is that ISAJET overestimates bottom quark production cross-sections and K

factors. These findings are relevant for estimates of rates and backgrounds of

heavy flavor events.

"Work supported by the U.S. Department of Energy, Division of High Energy Physics, Contract
W-31-109-ENG-38.



'li •

*_1_ I r
|

' ACKNOWLEDGMENTS

,

The description of the ISAJET samples in chapter 3 and the first half of

chapter 4 are essentially extracts from reference 20. My debts to the coauthors are

as follows:

Ed Berger served as supervisor to the project.

Mark Pundurs generated the samples at 630 GeV and prepared figures 13

through 17. He also designed the layout for table 1.

C.P. Yuan gave me several informal lessons on Monte Carlos and allowed me

to use his parton level Monte Carlo to make figures 11 and 12.

Frank Paige came to Argonne in the fall of 1988 and introduced me to ISAJET.

I would also like to thank former University of Chicago experimental students

John Conway and Joel Heinrich for handling my computer difficulties at the Univer-

sity. Ruibin Meng discussed some aspects of the higher order calculation with me.

Much gratitude goes to the high energy physics theory group at Argonne for their

support and considerable patience. The work at Argonne was supported by the U.S.

Department of Energy, Division of High Energy Physics, Contract No. W-31-109-

ENG-38.

r

p

ii



a

1

TABLE OF CONTENTS

ACKNOWLEDGMENTS ...................................................... ii

LIST OF TABLES .............................................. .............. iv

LIST OF FIGURES v

Chapter Page

1. INTRODUCTION 1

2. REVIEW OF THEORETICAL CALCULATION ..................... 9

3.ISAJET CALCULATIONS ..........................................17

- 4, DISCUSSION OF RESULTS ........................................27

5,CONCLUSIONS ....................................................37

REFERENCES .................................................................81

Ill

i



II •

L

LIST OF TABLES

Table Page

1. ISAJET event samples 41

i

2. Correlation samples ..................................................... 42

iv

L=

]
=



ii ii

'1 _ I |
i

LIST OF FIGURES

Figure Page

_ 1. Lowest order diagrams for heavy quark production ...................... 43

: 2. Typical higher order diagrams involving ................................. 44
,,

virtual corrections to the lowest order diagrams

3. Higher order tree level processes ' _ 45

involving either gluon emission (a) or gluon splitting (b,c,d)

4. Event topologies for lowest order and .................................... 46

higher order processes

5. Diagrams representing gluon splitting ................................... 47

- events (al,a2) and flavor excitation (bl,b2)

6. Results of O(c_3) analytic calculations ................................... 48

" 7. Results from reference 28 showing the relative ........................... 49

contributions to the gg _ Q X parton level cross-section from

from lowest order ,, gg(f(°)_/and higher order (fg(_))terms (solid lines)

,.

8. Lowest order ISAJET cross-section ...................................... 50

with and without gluon radiation

' ' ' ii _ . ,, i I



I i

,_i ! !

9. Flavor excitation ISAJET cross-section ...... , ................. : ......... 51

, with and without gluon radiation

10. Treatment of hard scattering events .................................... 52

with a heavy flavor in the initial state

11. Differential cross-sections .............................................. 53

for the processes bq _ bX and gq _ bX at v _ = 630 GeV

12. Differential cross-sections .............................................. 54

for the processes bq _ bX and gq---, bX at V_ = 1800 GeV

13. Cross-sections from "default" ISAJET at v_ = 630 GeV ............... 55

14. Cross-sections from "intermediate" ISAJET at V_ = 630 GeV, .......... 56

F

15. Cross-sections from "modified" ISAJET at v_ = 630 GeV ............. . 57

16. Total cross-sections for "default", '.'intermediate" ....................... 58

and "modified" ISAJET samples at v_ = 630 CeV

17. K-factor at _/_ = 630 GeV obtained from IS,!_,JET samples ............. 59

- 18. Cross-sections from "default" ISAJET at g_ = 1800 GeV .............. 60

19. Cross-sections from intermediate ISAJET at v_ = 1800 GeV ......... 61 "

vi



20. Cross-sections from "modified" ISAJET at v/s = 1800 GeV ............. 62

21. Total cross-sections for "default", "intermediate" ....................... 63

and "modified" ISAJET samples at v/s = 1800 GeV

22. K-factor at v_ = 1800 GeV obtained from ISAJET samples ............ 64

23. Transverse momentum distribution from default ........................ 65

ISAJET for the b quark with lYbl< 1

24. Transverse momentum distribution from default .............. .......... 66

ISAJET for the b quark with 1 < yb < 3

i

25. Rapidity distribution from default ............. ........................ 67

ISAJET for the b quark with PT,b > 10 GeV

26. Rapidity distribution from default ..................................... 68

ISAJET for the b quark with PT,b> 20 GeV

27. Transverse momentum distribution from default ISAJET ............... 69

_p_i_ the vector sum of the transverse momentafor/_T ,

of the b and the b (lY_I< 1)

- 28. Transverse momentum distribution from default ISAJET ............... 70

p_ir the rector sum of the transverse momentaforPT ,

of the b and the b (1 < yb < 3)

29. Rapidity difference distribution of the heavy flavor pair ................. 71

for each production mode (lYbl < 1 and PT,b> 10 GeV)

vii



fl ,I _ a
t t

30. Rapidity difference distribution of the heavy flavor pair 72

ibr each production mode (1 < yb < 3 and pr,b > 10 GeV)

31. Rapidity difference distribution of the heavy flavor pair ................. 73

for each production mode (lybl< 1 and pr,b > 20 GeV)

32. Rapidity difference distribution of the heavy flavor pair ................. 74

for each production mode (1 < yb < 3 and pr,b ">20 GeV)

33. Azimuthal angle distribution of the heavy flavor pair ......... .......... 75

for each production mode (lYbl < 1 and PT,b> 10 GeV)

34. Azimuthal angle distribution of the heavy flavor pair ................... 76

for each production mode (lYbl < 1 and PT,b> 20 GeV)

35. The strong coupling strength as is shown with " 77

fixed mass and s(:ale choice for each of the three data samples

36. The strong coupling strength as is shown using ......................... 78

the appropriate parameters for each of the three data samples

as described in the beginning of section 3

37. EHLQ (solid line) and DFLM (dashed line) .......... .................. 79

gluon distribution as a function of PT

38. EHLQ (solid line) and DFLM (dashed line) .............. ... ........ ... 80
f

bottom distribution as a function of PT

viii

%

................................ I ............................................... llnl illl[ I]ii II[I IIIIIIIII...... nlllll ........................



• j

CHAPTER 1

INTRODUCTION

Progress in the understanding of strong interactions has been made over the

last decade at a ponderous but steady rate. Experiments have supported the predic-

tions of perturbative quantum chromodynamics (QCD) for various processes such as

Drell-Yah production of muon pairs, 1 inclusive jet cross-sections, 2 and direct photon

events. 3 Current interest in the field is centered on heavy flavor production with ex-

periments focusing on precision measurement of b quark physics processes involving

CP violation/flavor mixing 4 and also on top searches. _

The term "heavy flavor" refers to a parton with mass large compared to _,he

' QCD scale parameter AQeD _ 200 MeV. A heavy quark may be generated through

electroweak interactions at lepton colliders or by deep inele_tic scattering. At hadron

colliders the production of heavy quarks takes place through QCD mechanisms. The

creation of a heavy quark, such as charm, bottom, or top, through the reaction

p_ _ QX is believed to occur by the interaction of the constituents ("partons") of

the colliding hadrons. These constituents are the light valence quarks of the hadron

and the "sea" quarks and gluons. While the electroweak interactions urovide for the

production of a heavy flavor at a WQQ or ZQQ vertex, QCD perturbation theory

only allows a heavy quark pair to be produced from a gluon vertex.

Theoretical calculations involving hadronic production of a QQ pair assume

that the cross-section can be written as a convolution of a hard scattering interac-

tion cross-section for the constituent quarks and gluons with a product of "parton
_

distribution functions". These functions represent the probability density of finding



a parton of a given type at a given energy scale, Q2, and with a certain fraction of

the hadron momentum, x. This factorization assumption is common to many, if not

all, perturbative QCD calculations of hadronic production processes.

The hard scattering cross-section is usually expressed as a perturbative ex-

pansion in as(Q2), the scale dependent coupling strength. Each term in the series

is evaluated by computing the relevant Feynman graphs which yield contributions to

the given order. At the parton level, the lowest order production of a heavy quark

pair in a hadronic collision is given by two processes:

qg--*Q0,
gg--*q0.

Feynman diagrams representing these processes are shown in figure 1. These dia-

grams represen_ the leading order O(a_) contributions to heavy flavor production in

hadron collisions. The theory and phenomenology of such events at lowest order in

QCD perturbation theory are well understood up to ambiguities involving the renor-

malization/factorization scale choice and the choice of parton distribution functions. 8

A typical choice of scale is set by the mass of the heavy quark, mQ. The massive

quark assures that the lowest order diagrams do not diverge and that perturbation

theory is trustworthy.

The total cross-section for the above lowest order process can be studied as a

function of v/s and mQ. As the center-of-mass energy of the hadron collision increases

above the scale set by the heavy quark mass, the contribution to heavy quark pair

production from the gluon initiated processes increases and becomes the dominant

production mode. Studies have also been made of the rapidity and transverse mo-

mentum distributions of the heavy flavor. _ Consequences of such calculations include

transverse momentum dis.tributions which peak at approximately < PT,Q > = mQ
o.

and fall rapidly as PT,Q >> mQ.

The consideration of doubly differential cross-sections involving the heavy fla-
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vor pair leads to an investigation of momentum correlations as a probe of the QCD

production mechanism. At first glance, such studies appear to be trivial in the case of

lowest order produ.tion since the back-to-back nature of the final state in the parton

center-of-mass frame gives simple predictions for the transverse momentum of the

pair and the azimuthal angle between the two final state heavy quarks. However, the

relationship of rapidities between the Q and Q leads to interestingresults even at

the level of O(a_) processes. Simple analytic expressions for the lowest order cross-

sections have been derived which are useful for studying rapidity correlations between

the heavy quark and its partner, s The interplay of the dynamics between the QCD

lowest order diagrams and the parton distribution functions is reflected in positive

correlation behavior between the Q and Q in which the rapidity of the antiquark

tends to follow that of its partner.

The subject is further enriched by the expectation that higher order production

processes will contribute a non-negligible cross-section. In kinematic regimes where

gluon distributions are large and gluon-gluon scattering is !mportant, processes where

a heavy flavor pair is produced by gluon splitting in either the initial ("flavor excita-

tion") or final state could be a significant part of the inclusive cross-section. Typical

higher order processes are shown in figures 2 and 3. These events include the virtual

corrections to the Born diagrams and also incorporate the following 2 _ 3 processes:
,

--*Q0g,
gq--'Q0q,

gg Q0g.

. Note that at this order the quark(antiquark)-gluon initial state is allowed. Such events

have final state topologies which can be quite different from those predicted by lowest

order processes. As figure 4 indicates, the presence of an extra jet in the final state can ..

lead to complex events in which the QQ pair are no longer back-to-back in the parton

center-of-mass frame. These events would modify the lowest order distributions in
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rapidity and transverse momentum. In the case of correlation distributions, these

changes may lead to qualitative differences in the shape of the cross-section plots.

This thesis explores those theoretical issues in heavy flavor production which

are relevant to the higher order effects mentioned above. The analytic next-to-leading

order O(a_) calculation of heavy flavor production cross-sections has recently been

performed by Nason, Dawson, and Ellis (NDE) and by W. Beenakker et ai.9'1° This

theoretical accomplishment is an excellent example of "state of the art" techniques

in QCD perturbation theory being used to genera_e interesting and important phe-

nomenological results. Since the O(c_) calculation is presented only as an inclusive

distribution in the rapidity and transverse momentum of the massive quark, 11 one

must also turn to Monte Carlo calculations in order to study the full event structure

of heavy f].avor pair production. In particular, it is important to understand QQ

momentum correlations in both the Monte Carlo and inthe O(aZ,) calculation. The

topologically nontrivial final states produced, by higher oi'der processes may serve as
I

background to signals for other new physics. Knowledgef ii_:_.he relative locations in

phase space of a heavy quark pair is also crucial for carrying out studies of B meson

mixing.

The analytic and Monte Carlo approaches employ different physical assump-
t
• tions in calculating heavy flavor cross-sections. The analytic calculation includes the

correct treatment of virtual processes (the Monte Carlo does not) while the Monte

Carlo has provisions for multiple gluon emission--albeit approximately--which are

not found in the finite order perturbative calculation. A general feature of any pertur-

bative calculation is the treatment of singularities that occur when evaluating specific

diagrams in various regions of phase space. The simplest Born diagrams have been

shown in figure 1. Virtual corrections include gluon loops and vertex corrections.

These processes give interference terms that contribute to the O(a]) cross-section

when they are multiplied by the lowest order amplitudes. Bremsstrahlung diagrams

are those in which gluons are radiated in either the initial or final states. These

diagrams are responsible for collinear divergences when the gluon and quark have

,,, _I _I ', l l i i l l
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the same direction and for infrared problems when the gluons become soft. NDE

describe the various singularities which are treated in their calculation and discuss

a renormalization scheme (described in detail in reference 11) to handle ultraviolet

divergences.

Monte Carlo algorithms use various approximation techniques to avoid the

singularities that plague the exact calculation. In PAPAGENO, for example, the tree-

level matrix elements for 2_2 and 2--,3 processes are included, and the user must

provide the appropriate kinematic cut-offs when computing distributions. _2 ISAJET

uses a branching algorithm in order to approximate the 2_3 processes, x3 Multiplying

the 2_2 matrix elements by splitting functions is not a good approximation over

all of phase space. _4 However, the use of exact tree-level matrix elements for 2_3

processes leads to double counting problems when inserted into a Monte Carlo with

shower evolution, is (This is why one can roughly classify a Monte Carlo code as

being either a matrix element or a shower algorithm.) The shower codes incorporate

- some form of leading log QCD evolution of the initial and final state partons that

participate in a 2-,2 hard scattering. In this case QQ + jet events, for example,

would be created by gluon-gluon scattering, wi*.hsubsequent evolution and eventual

splitting into a QQ pair. This is the procedure used with ISAJET in this 'work.

The case of bottom quark production at hadron colliders is chosen for the

first attempt at studying the above topics. NDE apply their calculation to the cases

of charm (mC = 1.5 GEV), bottom (mb = 4.9 GeV) and top quark (mt > 89 GeV)

production. Since charm is the lightest quark considered, one might question the

applicability of perturbative QCD in calculating production rates. Any reasonable

variation of the mass will give values less than 1 GeV, at which point it is dangerous

, to trust perturbation theory. NDE observe that their calculated cross-sections are

quite sensitive to the choice of charm quark mass and to the choice of pai_ton distri-

bution functions. Other open issues are leading particle and higher twist effects on

thc longitudinal momentum distribution and the nuclear A dependence of the cross-

sections. _8 It appears that charm production studies will have to take into account
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several non-perturbative effects because of the relatively small mass involved. In con-

trast to this behavior, the QCD predictions for top quark production are expected

to be quite accurate. 9 The higher order terms calculated by NDE are small at CDF

energies, although threshold effects appear to be non-negligible. 17 In the case of bot-

tom quark production, one has a favorable situation in which the bottom quark mass

is large enough to make perturbation theory "safe" and in which data are available

for comparison to the theory calculations.

The first part of this work consists of a review of the similarities and differences

to be found when examining the two different ways of calculating heavy flavor cross-

sections. The parameters which enter the NDE calculation are discussed and some of

the qualitative features of the analytic results are reviewed. Remarks are also made on

the behavior of the analytic result in various limits and special cases. Physics issues

are briefly mentioned fo: small values of the heavy quark's transverse momentum.

These include threshold effects and the "semi-hard" enhancements of the cross-section

due to initial state gluon emission. At large values of PT.Q the finite order calculation

cannot account for the effects of multiple gluon radiation. NDE attempt to estimate

these effects in their work and point out that the analytical calculation done to O(a])

breaks down for a, ln(pT/rnQ) > O(1). An issue to be considered is how well the

ISAJET gluon radiation algorithm reproduces the large ln(pT/rn) corrections of the

cross-section expected at large PT. Another reason for studying the large PT limit

involves the treatment of the so-called "flavor excitation" events. The generation of

these events at high transverse momentum raises double counting issues involving

heavy quark structure functions. This requires careful consideration of the two cases

where the initial heavy quark is considered to be a parton generated directly from

the hadron, and when the quark is generated by splitting of a partonic gluon.

After the theoretical discussion, ISAJET Monte Carlo distributions for heavy

flavor (b quark) production are presented. The procedure used in this work is to split

the inclusive process into event types which are kinematically and/or topologically

distinct and would be recognized as such by a typical detector. In the case of heavy
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flavor production one considers lowest order QQ production, gluon splitting events

(fig. 5(a)) in which the heavy quark pair is produced by the fragmentation of a

final state gluon, and flavor excitation events (fig. 5(b)) in which the heavy flavor is

envisioned to originate in one of the initial hadrons. Samples are generated for each

process and the cross-sections are summed. Data sets were generated using three

different sets of parameters, one of which reproduces the NDE conditions.

• In trying to explain and interpret the results, qualitative arguments can be

made concerning the effect of changes in as and in the structure functions. The results

are sensitive to the choice of parton distributions and the expression (one or two-loop)

for the strong coupling strength, as. The NDE higher order results and the ISAJET

results reproduce roughly the same shape as the lowest order calculation. The ratio of
res a,_ ,

the higher order cross-section to the lowest order " (the "K factor") ranges from

2 to 3 for the analytic calculation. Comparison to recent data is can be made at x/_ -
=

630 GeV and preliminary results from the Collider Detector Facility (CDF) are also

available. 1° The measured cross-sections at 630 GeV are consistent with'the analytical

calculation. The ISAJET cross-section is consistently larger than the analytic result at

both collider energies. These results 2° touch on the phenomenological issues involved

when one compares theoretical cross-sections, computed either by analytic means or

by Monte Carlo simulation programs, for heavy flavor production to data or when

one makes predictions.

Also presented are ISAJET distributions in three correlation variables: the

rapidity difference, AYb_, the azimuthal angle, ACb_,and the vector sum of the trans-

verse momentum, /_T"i_. These distributions contain several features which are not

found in the single particle cross-sections. Higher order contributions to the _T"i_

- distribution are about two orders of magnitude larger than the lowest order results

at high _T"i_. The AYb_ distributions are narrower than the lowest order result by

about 1 unit of rapidity and the positive correlation between the quark and the anti-

quark first observed in the lowest order calculation is further enhanced. The ACb_
-

I



distributions show an increase in the cross-section near0 degrees (by about a factor

of two) when one increases PT,ml, for the b quark from 10 to 20 GeV, thus amplifying

the relative contribution of the gluon splitting cross-section. One anticipates that

analytic results for these distributions will verify these ISAJET observations, at least

qualitatively.

The author hopes to create two impressions in the mind of the reader. First,

heavy flavor production at hadron colliders is a complicated affair to understand

theoretically once one goes beyond leading order in perturbation theory. No one

calculational technique, i.e. exact O(c_]) perturbation theory or Monte Carlo algo-

rithms, contains all of the possibly important physics processes, such as threshold

effects or multiple gluon radiation, that are expected to occur. One should be aware

of the relevant liabilities of each method when estimating rates or backgrounds. The

other lesson is that correlation distributions involving both the quark and the anti-

auark serve to illuminate much of the higher order physics beyond relative sizes of

cross-sections.
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CHAPTER 2

REVIEW OF THEORETICAL CALCULATION

The QCD-improved parton model allows hadronic cross-sections to be com-

puted by expressing the result a_ a product of a hard scattering parton subprocess

cross-section, dh, computed in QCD perturbation theory tlp to a certain order in
r

the strong coupling constant, a,(#2), and a product of parton distribution functions.

: These functions represent physics at momentum scales less than the factorization

scale, #2. Although the choice of/,2 is arbitrary, the final cross-section obtained from

the convolution of the parton densities and da is independent of # if the calculation is

carried out to all orders in perturbation theory. The evolution of the parton density,

f(x, #2), and the hard scattering cross-section, d_r(...#2...), with scale change is given

by renormalization group procedures. A convenient way of calculating this depen-
ml

dence is given by the Alterelli-Parisi formalism in which evolution is represented by

_ gluon emission or gluon splitting. 2a

- In keeping with the factorization procedure described above, the inclusive

- production cross-section of a heavy quark with rapidity y and transverse Inomentum

_- PT is given by:

It3
r

=-- The Nason, Dawson, and Ellis calculation of the differential cross-section do'/dpTdy

is presented in reference 11. The total cross-section is given by integrating over PT

- and y. NDE present the hard scattering cross-section for inclusive production of a

9



heavy quark with mass m from partons i and j in the following form: _,11

2(]_)

(2)_.ij(s, m2) oi,
oz 2

where

rq(p, ) =F!9)(p)+ + ]+ (3)

and p = 4m2/s. The F[°) term is the lowest order contribution to Fii from gg and q_

initial states (F (°) = 0); this part is dependent on the renormalization scale,/_, onlygq

in the evaluation of the coupling constant _, The F.(.1)term represents the actual° 8.7

calculation of higher order diagrams, while the _l) term is calculated from the lowest

order F (°) contributions using Altarelli-Parisi splitting functions.

" The mass of the heavy flavor occurs in both the matrix elements and the phase

space factor in the exact calculation. Note that the hard scattering cross-section varies

as 1/m 2 (the F_i's are dimensionless); the mass dependence of the parton luminosity

makes the drop-off in cross-section even steeper. For these Born processes, the mass

sets a lower cutoff for the momentum exchange in the propagator term. Perturbation

theory should be valid for mQ >> AQoD.

The expression for c_ depends on the number of flavors treated as light (mass-

less) and on the masses of the heavy flavors, which are thresholds i_.the Q2 evolution.

The flavor thresholds in a, and in the parton distributions are described by NDE.

The two-loop expression 22 for c_, that is used in the NDE calculation is

12_ 153- ISN_,.f! In ln(A_2_1)

c_(Q2) = (33 - 2N_//)ln(x_ ) [1 - 6 (33 - 2N_/!) 2 ln(A-_2-) ]' (4)

..

< Q2 and c_, is continuous. (Here,where N_Z is the number of flavors such that mq ,

A4 = 260 MEV.)

,_a ,i , II 'rn_l ', ' _¢ I
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The confidence in the validity of any perturbative QCD calculation for the

purpose of phenomenological predictions or comparison to data depends on an un-

derstanding of the theoretical uncertainties that arise. One issue to be considered

is the choice of scale, Q2. When the total bottom quark cross-sections for both the

lowest order and next-to-leading order results are plotted as a function of scale, 9 one

finds that the next-to-leading order result becomes unstable and increases as Q goes

to 0 for Q < 5 GeV. This value happens to be a natural lower bound on the scale

set by the heavy quark mass. One also observes less scale dependence as Q increases;

this indicates that the choice of a PT,Q dependent function for the choice of scale in

- the calculation of differential distributions is a reasonable one. For the differential

-_ cross-section NDE choose Q2 = p_ + m_, and multiply Q by factors ranging from 0.5

- to 2 in order to test the sensitivity of their results to scale choice.

The choice of parton densities must also be specified. NDE use two-loop

structure functions in their calculation to maintain consistency with the O(_) com-

putation of the hard scattering cross-section. The differences between the EHLQ1

(one-loop) 23 and the DFLM (two-loop) 24distributions that are relevant to b produc-

tion will be studied when interpreting the results. Attention is focused on the gluon

and bottom quark distributions in the hadron. It should be noted that for very small

values of Bjorken z the calculation of the parton densities becomes unreliable. Levin,

Ryskin, and Shabelsky 2_ have calculated the effect of saturation on the charm and

bottom cross-sections. Rescattering is important only for very small values of trans-

verse momentum--pT,b < 7 GeV at the Tevatron--and leads to a decrease of the

cross-section in these kinematic regions.

-_ Recent work by J. C. Collins and P_. K. Ellis26 investigates the effect of ini-

-: tial state gluon radiation in the "semi-hard" region where AA-7-g< < Q < < vG. The

total bottom quark cross-sections are found to be larger than even the higher order re-

- sults. The differential distributions are not yet available, but one might conservatively

estimate that the resummation enhancements would be important for transverse mo-

e_ menta within an order of magnitude of the heavy quark mass. This region of phase
_

-



space allows for small Bjorken z of the initial state partons. These small z effects are

not present in either the leading logarithm Monte Carlo algorithms or the analytic

calculation although Collins and Ellis claim their formalism can be adapted to higher

order calculations.

Higher order contributions to the total cross-section are found to be impor-

tant in two regions of parton center-of-mass energy: near threshold and very far above

• threshold (fig. 6(a)). The threshold effects are ascribed to initial state gluon radia-

tion and to Coulomb enhancement from virtual gluon exchange between the heavy

quarks. There is a (-_) divergence where v is the velocity of the QQ pair in the parton

center-of-mass. For O(a]) processes, as $ _ 4m_, the Born cross-section vanishes.

However, the gg _ QQg cross-section has a finite contribution at _ = 4m_ due to the

Coulomb singularity coming from virtual gluon exchange between the massive quarks

(fig. 2(b)). The Monte Carlo study presented in this work does not explore these

threshold issues; the flavor excitation and gluon splitting samples were produced with

a PT,bcut just above 2mb.

The enhancement at large ._seen in figure 6(a) is created by higher order pro-

cesses having t-channel exchange of a spin l gluon. Lowest order diagrams only have

spin 1/2 exchange of the heavy flavor in addition to the annihilation diagrams. This

increase in the cross-section carries over to the differential distributions as well. Upon

computing transverse momentum and rapidity distributions, NDE find differential

cross-sections uniformly larger than the lowest order result. Only the normalization,

not the shape, of the heavy flavor differential cross-section appears to change (fig.

6(b)).

Several features of the higher order calculation are not reproduced by curre;,nt

Monte Carlo codes. One has already seen this for the case of threshold enhancements

of the cross-section. Another facet of the calculation which is difficult to include in a '_ .

Monte Carlo program is the interference between various diagrams--an O(g 2) gg ---,

QQ process multiplied by an O(g 4) higher order diagram with virtual corrections, for
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example. An example of the physics consequences pf ignoring such interference terms

is given by the calculation of charge asymmetry. 2r NDE point out that d_b/dyb is

not equal to da_/dy_ for their analytic O(a_) result. 11 To this order in perturbation

theory interference diagrams which include a heavy quark loop lead to a small charge

asymmetry in the rapidity distributions. Such effects would not be seen in present-day

Monte Carlo calculations.

Attempts have been made to understand how well the Monte Carlo scheme

reproduces the exact calculation. Meng et al. have derived approximate analytic

expressions for the differential cross-sections from initial state gluon bremsstrahlung

(ISGB), final state gluon splitting (FSGS), and flavor excitation2 s The ISGB contri-

butions appear to describe the threshold effects of the analytic calculation, and the

' sum of the three processes at large r/ = _ also appears to reproduce the NDE
4m_

: results. However, there is an intermediate region, 0.2 < 7/ < 200, where the sum

overestimates the complete calculation (fig. 7). This region is where most current

Monte Carlo calculations operate. For example, the distributions presented in this

work have PT.bbetween 12 and 80 GeV which yield r] values between .5 and 60 if one

takes _ approximately equal to 2PT,b"

Gluon radiation at large pr.Q may also affect cross-sections and correlation

distributions. NDE gi"¢e a prominent warning that for PT >> mQ, logarithmic terms

of the form ln(p_./m2) le£d to theoretical uncertainty. In this limit, the heavy flavor

is effectively massless leading to collinear divergences. These effects are estimated

in the limit where PT is fixed ar,d mQ _ 0 using Altarelli-Parisi splitting functions.

2 ),,To obtain the complete leading order effect one must sum all cr,(asln(pT/m) and

a(c_,ln(pT/m)) '_ terms. NDE studied the behavior of these logarithmic terms inR s

the massless limit and discussed some of the resummation problems that arise. 11

Such issues lead to an investigation of the role of gluon radiation algorithms in the

calculation of heavy flavor cross-sections. The high/rr limit in ISAJET is marked by

increasing gluon radiation which also scales as InpT. At high PT the QCD evolution
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actually may account for some of the physics due to the large logarithms that cause

the breakdown of the analytical calculation,

it would be a challenge to investigate how well the QCD branching algorithms

reproduce these higher order terms in the limit of large pr/mQ. The lowest order

242 samples generate bb pairs using the cross-sections given by the simple Feynman

diagrams presented in figure 1. The momentum distribution of a b quark in the final

state is modified by the gluon radiation algorithm in ISAJET. This result is plotted

in figure 8. Similar effects are observed for the flavor excitation sample as shown

in figure 9. The net effect is to slightly decrease the cross-section at large values of

transverse momentum and to increase the cross-section for low values. This effect

appears to grow as the transverse momentum of the heavy flavor increases. Cudell

et al. have compared cross-sections resulting from different showering mechanisms

in various Monte Carlos. _9 At PT,_= 1000 GeV there can be an order of magnitude

difference in cross-section for different Monte Carlo calculations.

The treatment of flavor excitation events in the Monte Carlo differs from their

interpretation in the analytic calculation. Flavor excitation diagrams are not included

in the NDE calculation. They are considered to be higher order processes in which

the b quark is formed from the splitting of an initial state gluon. A qualitative

argument which justifies this omission is given in reference 30. The major point is

that for small values of the t-channel gluon momentum, q2 < m_, the flavor excitation

contribution is accurately represented by the initial state gluon Splitting diagrams.

The 1/q 4 divergence exhibited in the 242 diagram is not present in the sum of

the higher order diagrams. The NDE approximation should therefore be valid for

calculations of the total cross-sectlon in which the low q2 region contributes to the

bulk of the cross-section. However, for differential distributions at high PT,Q, such an

approximation may not hold, since q2 >> m_. Monte Carlo calculations of heavy

flavor cross-sections do include events where the incoming parton is heavy.

Concern arises over possible double counting in the treatment of flavor cx-

citation; this raises theoretical issues related to heavy quark distribution functions.

,_ , ' ii lp



One can envision the b quark that participates in the hard scatter originating directly

from the hadron (fig. 5(bl)), or created by gluon splitting in the initial state (fig.

5(b2)). The NDE calculation includes only the latter possibility, while the Monte

Carlo flavor excitation samples are made using the former; this suggests that the

results should be added. The possibility of double cc,unting arises, however, when the

cross-sections are added to form the total inclusive distribution. Those 243 events

where an initial-state gluon splits to a collinear b quark look llke Monte Carlo flavor

excitation events. To correct for double Counting, one must subtract the contribu-

tion of those events in which the b quaff: is produced collinearly. The procedure is

represented schematically in figure 10(b). The subtraction term portrayed by the

!'cut" diagram is meant to remove possible double counting. (This is the approach

advocated in referel.ce 31 for treating processes like tb _ Higgs.31'32) Since ISAJET

generates events which are represented by the initial bottom quark diagrr, m, the "er-

ror" is estimated by calculating the initial gluon splitting term minus the collinear

term. Similarly, the NDE approximation can be checked by calculating.the difference

in cross-sections represented by the first and the thh'd diagrams in figure 10(b).

As a check of NDE's claim that flavor excitation events can be treated as

higher order processes, one can compare cross-sections computed frond simple flavor

excitation diagrams with a "subtraction" term. The results at UA1 and CDF energies

are shown in figure s 11 and 12. EHLQ1 distributions are used and the scale choice is

Q2 ._ PT,b2+ m_. These plots compare the cross-sections computed from the processes

bq -, bX (bq scattering) and gq _ bX. The latter calculation essentially consists of a

g --+ bb splitting function multiplied by a bq scattering cross-section. These processes

- represent the first and third diagrams in figure (10b) with the initial state spectator

gluon replaced by a quark line The two cross-sections diverge slightly at PT,b -"

80 GeV with the bottom quark parton distribution functi_,,s leading to the larger

value. This effect woulcl Lend to become more important at larger values of v_ and

PT,b. In the regions plotted, it appears that the NDE approach is valid. The inclusive

cross-section can be accurately computed using perturbative QCD in which the initial

,.
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partons are light.

The goal of this section has been to examine possible sources of discrepancy

between the analytic and Monte Carlo calculations of bottom quark production cross-

sections. The arguments presented here indicate, but do not conclusively prove, that

for the samples used in this work only the neglect of the interference terms in the

Monte Carlo calculation can lead to a major difference between the two approaches.

Effects due to threshold behavior, high PT,bgluon radiation, and heavy quark structure

functions appear to be numerically small for the ISAJET samples generated here.

However, one must mention the possible importance of the "semi-hard" initial state

gluon emission calculations. This physical effect is not incorporated in either the

analytic calculations or in the Monte Carlo.

t



CHAPTER 3

ISAJET RESULTS

The purpose of this section is to compare ISAJET results with the analyti-

cal distributions for heavy flavor production presented by Nason, Dawson, and Ellis

(NDE). 11Specifically, bottom quark production is studied at v/_ = 630 GeV and 1800

GeV in proton-antiproton collisions. Results are presented in tcrms of the integral

transverse momentum distribution O'T(PT,b > PT,min), which is computed by integrat- ( ,'_,_

ing the analytical result for da/dydpT over the appropriate rapidity range, and over

the transverse momentum cf the b quark from pr,,,,,, to infinity. Distributions of

O'T(PT,b > PT,min) are presented using three different parameter sets. The parameters

varied are the mass of the bottom quark mb, and thc functional expressions for the

strong coupling constant al,, th e hard scattering scale Q2 and the partc, n distribu-

tions f(x, Q2) In order to l_ompare '_'. I'_AJLT cross-sections with the NDE calculation

next-to-leading order DFLM structure functions are used in conjunction with the

two-loop expression for ,2, in one of the parameter sets. This set is referred to as

"modified" ISAJET. To compare ISAJET cross-sections with data at630 GeV and

with previous calculations the EHLQ1 structure functions are used together with a

simple lowest order expression for a,. This data set is called "default" ISAJET. Fi-

nally, in order to study/the effect of changing the strong coupling constant and the
I

structure functions a second EHLQ1 data set is generated using a one-loop a, (in MSI

scheme) which is contflauous across quark mass thresholds as in the DFLM sample.

The b mass and the sca,le choice are also taken to agree with the DFLM set. This set

is called "intermediate i'' ISAJET in the figures and discussion. "

Once the total cross-sections have been computed, one can begin to make a

17



! •

°" "" 18

_ more detailed study of event topology. In particular, at the parton level, distributions
, ,.

in I_T_i', AeQO, and Ay¢o can be generated. These distributions provide quantitative

information on the dynamics of higher order effects in heavy flavor production, par-

ticularly when one studies the effects of transverse momentum and rapidity selections

for the heavy flavor. The default ISAJET sample is used for this study.

The default values of the ISAJET Monte Carlo are:

EHLQ1 structure functions (AQcD = 200 MEV),

mb = 4.9 GeV,

Q_ = max(4m_,2_ia/(_ _ +/'2 + a_)),

12_r
=

(33 - 2N, H)In A-_'
QCD

Q2 Q2
N_]t = 4 + +

The top quark mass in ISAJET is taken to be 40 GeV. The expression for a, depends

on the number of flavors treated as light (massless) and on the masses of the heavy

flavors, which are thresholds in the Q: evolution. The choices of Q2 and of the

functional form for N¢]! are historical artifacts in the default version of ISAJET.

Different choices would be made if the program were being developed today.

Samples were also generated using an expression for c_, which is continuous

_ across mass thresholds and also uses the same mass and scale as the DFLM sample.

For this "intermediate" set the values are:

EHLQ1 structure functions (AQcD = 200 MEV),

mb =4.75 GeV,

= +_

m
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127r
_,(Q_)=

(33- 2_o.)1.

2 < Q2, and A_Z is recom-
in which N_Z is simply the number of flavors such that mq _

puted to maintain continuity of as across flavor thresholds. Thus,

{ 12_r/251n(A__.:), Q2 < rn_
as(Q 2)]1 i

12_/231n(_),m__<Q:<m,:

where A5 = h4(A4/rnb) 2/23"

DFLM structure functions are also used for the comparison to the analytic

NDE results. The parameters for the "modified" ISAJET sample were:

DFLM structure functions (AQcD "- 260 MEV), "

mb = 4.75 GeV,

Q_="_ +pk_,

as(Q2) = 12_r 2 [1 -6 153- 19N_11 lnln(A*--_:/)
(33 - 2N_H)In(_) (33 - 2N_ff) 2 ln(A-_l) 1'

2 < Q2, and as is continuous.where, again, N,Z is the number of flavors such that mq

(Here, A4 = 260 MEV.) The momentum scale, Q2, was always computed from values

(pT,_,t, fi) taken from the 242 hard scattering, before any QCD evolution occurs.

It is important to keep this in mind for the gluon splitting samples, because the

transverse momentum of the b quark was not used to evaluate Q2 here.

The choice of momentum scale for a, and the parton distributions essentially

relies on PT,Q and rnQ, the two natural scales available. In this work ISAJET samples
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are generated for two choices of scale: the NDE scale, Q2 = p_ + m_, and the

default ISAJET scale, which is given by Q2 = max(4m_, 2,_t¢_/(_2 + _2 + _2)). As

PT grows, both scales are asymptotically proportional to p_ (with the constant of

proportionality equal to 4/3 in the .lefault ISAJET case).

Samples of events were generated for the following three processes:

q + _ (g + g) ---, bb (lowest order QCD),

(g...d.,) + --. g+ X

t_,.bb (gluon splitting),

b(b) +(g, u, d, s) ---+ b(b) + X (flavor excitation).

To compare with the analytical inclusive cross-section one simply adds the three differ-

ent cross-sectionswbb lowest order, gluon splitting, and flavor excitation--bin by bin.

As mentioned in the previous _ection, this approximation scheme does not include

interference effects from loop diagrams. One justification for making tills approxima-

tion is that at high PT each of the three above processes is kinematically distinct, and

therefore interference terms between any two processes become small. Lowest order

events produce the pair back-to-back in the parton center-of-mass frame, while gluon

splitting leads to both heavy quarks being close together in phase space. Flavor ex-

citation processes are characterized by one quark being scattered at large transverse

momentum with the other having small transverse momentum and often going down

the beam pipe. In any case, the results at low PT depend on the (unphysical) cut-offs

imposed to avoid singularities; most attention is devoted to results at higher PT.

Some of the physics approximations that are assumed in calculating gluon

splitting or flaw_r excitation cross-sections were explained in the previous chapter,

but the discussion there does not describe why such approximations need to be made

when running ISAJET. Gluon radiation from the lowest order diagrams would seem

to provide contributions from what could be considered flavor excitation and gluon

splitting processes, depending on which virtual parton is responsible for the exchange



of the hard scattering transverse momentum. Unfortunately, ISAJET cannot compute

the full contribution from the diagram in figure 3(b) by treating it as a lowest order

gg _ QQ process with a gluon radiated from the initial state. This is because the

SjSstrand algorithm 33 always orders the momentum transfers in the chain of initial

state radiation in decreasing sequence from the scale of the 242 hard scattering.

Therefore the flavor excitation sample is needed to cover all of phase space. The

lowest order diagrams allow for the heavy quark to have transverse momentum larger

than the gluon off which the heavy quark scatters, while in the flavor excitation events

one has the hard momentum transfer carried by the recoil gluon. A similar argument

can be made to explain why the gluon splitting events cannot be treated by QQ lowest

order events together with shower algorithms.

Typical diagrams that occur in the higher order NDE calculation are shown

in figures 2 and 3. Figure 3(a) can be viewed as gluon radiation after production

of a bb pair; for soft or nearly coIIinear gluons, such events will be generated in the

• lowest order sample. The diagram in figure 5(bl) represents ISAJET flavor excitation.

Those processes which generate the heavy flavor pair from final state gluon splitting,

as shown in figures 3(c) and 3(d), are generated in the ISAJET g, u,d,s samples. The

cross-sections are computed by convoluting gluon splitting with the 2--,2 scattering

of light partons (fig. 5(a2)). It is possible for the b quark to be produced after a

cascade of gluon radiation. In this case, the transverse momentum of the b quark can

be significantly less than that of the hard scattering.

The bb and flavor excitation samples are created using the standard TWO JET

subroutine in ISAJET, with final state partons specified to be b quarks. For lowest

order QCD pair production the final state is a bbpair.
at

The flavor excitation samples require only that one of the outgoing partons

froln the hard scatter be a bottom quark. Flavor excitation cross-sections as pro-

duced by ISAJET must be doubled to account for either final state parton being a

b quark. Here the b quark distribution is inherent in the heavy flavor component of

i

....... Ill ..... ' , _ , , _ .... , , , ,, _,



the structure functions. This distribution is used to assign the weight to the event

before any initial state evolution is done. The subsequent backward radiation which

is done modifies only the topology of the event structure--not the cross-section. The

details of both initial and final state QCD evolution are described in the ISAJET

• documentation :3 and will not be discussed here.

The gluon splitting events are produced by ISALEP, a modified form of ISAJET

in which two light partons scatter before QCD evolution is allowed to generate a pair.

In the subroutine that does the QCD evolution of the final state, events are counted

in which a gluon converts into a bb pair. No conditions are placed on the rapidity or

transverse momentum of the b quark, or of the lepton from the resulting weak decay,

although provisions are made in the modified code for such selections. If the specified

heavy flavor pair is not produced after ten fragmentations, the event is discarded. It

should be noted that QCD evolution can produce a QQ pair in either the final or ini-

tial state radiation, for a 242 hard scatter of light partons. The bb pairs made in the

initial state evolution typically have low transverse momentum and pl.ay a negligible

role in the results presented.

The DFLM flavor excit,_tion samples require changes and insertions in the

.,= body of the code in order to call the new set of parton distributions. AQCD must

be set in the input parameter file, not in the common block used within the pro-

gram. The mass of Lhe b quark is changed in the appropriate DATA s_atement inside

ISAJET :['he scale and expression for a, are changed within subroutine TWOKIN

and the DFLM distributions themselves are inserted in subroutine STRUC. For the

"intermediate" sample one need only change the ma_s, scale, and expression for as

in the ISAJET code.

After event samples are generated over several ra.nges of transverse momentum,
f

the analysis of each sample is done using a version of ISAPLT. The analysis code must

be modified to create the desired histograms for each momentum range. Results can

_- be concatenated using the HBOOK inspired HIST program. It is important to add

the overflow value to the integrated cross-section when running HIST to assure that
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the high PT results are not systematically small. All fits to •histograms were made

using the TOPDP_AWER graphics routine.

In the analysis we only count b's (not hb's) that occur as "stable" particles after

applying the ISAJET gluon branching algorithm. The QCD branching algorithms
i

may produce more than one pair of heavy flavors. To check the importance of this

effect, one plots total number of b's per event. Those events with two or more pairs

never occurred more frequently than about I in 200 times before any rapidity cuts were

applied. For a test sample, dcr/dpT,b was computed for all b's, and this distribution

was compared to events with only 1 bottom quark and with the distribution of the

highest PT b quark seen per event. No significant differences could be observed within

statistical errors in either the shape of the distributions or in the normalized values of
i'

the differential cross-sections. The analysis therefore counts all the b quarks generated

in the event which satisfy the rapidity cut. All of the following distributions were

made using such an inclusive procedure.

Each sample (except as noted) has 1000 events per 2 GeV bin in transverse

,,.,partmomentum of the hard scattering, _'T . This variable is the bottom quark transverse

momentum generated in the lowest order and flavor excitation samples before any

gluon radiation occurs. In the gluon splitting samples,/TT _rt is the transverse mo-
..

mentum scale of the 242 hard scattering of the light initial state g,u,d,s partons.

Table 1 containsthe range of _tTTa't for each sample, and the total cross-section for the

samples and their sums. One imposes lYbl< 1.5 for the 630 GeV sets and ]yb] < 1 for

the 1800 GeV samples in order to compare with the NDE results. The efficiency of

the rapidity cuts is also given.

The gluon splitting data sets are binned according to the PT of the hard scat-
f

tering parton g, u, d, s before branching occurs to the bb pair. The upper limits are

chosen high enough to get high-statistics integrated atot(PT,b > PT,rnin) data out to

_ PT,b = 80 GeV for collider energies of V/s = 630 GeV and v_ = 1800 GeV. This

required that p_T_"t be taken out to about twice the b quark transverse momentum.
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For bb production a non-zero value of PT,min must be set to avoid numerical errors in

ISAJET. For the other two production modes, the limit is set by kinematics. Theb

' bb pair produced by gluon splitting in either the initial or final state demands that

PT > 2mb.

Figures 13 through 15 show the integrated cross-section atot(PT,b > Fr,ml,)

as a function of PT,min for vf_ = 630 GeV with each figure representing a different

parameter set. Results are presented for the three individual processes of lowest order

bb production, flavor excitation, and gluon splitting, respectively. The solid line in_

each plot is the sum of the cross-sections obtained from the three production modes,

which is taken to be the total inclusive distribution produced by ISAJET for a given

set of masses, scales, and structure functions. Figure 16 superimposes these ISAJET

total cross-sections on the analytical result of NDE. The measured values published

by UA1 are also displayed, is

UA1 base their bottom quark cross-section measurement on four sets of muon
'_,

samples. The integral cross-section o'(pT,b > PT,min) iS obtained for each sample and

the total cross-section is obtained by extrapolating to zero transverse momentum.

The J/q2 sample studies those high PT J/fft's which are embedded in jets. These are

assumed to come from b decay. There is also a high-mass dimuon sample with PT(##)

larger than 3 GeV and M(##) > 6 GeV. Most of these events are created with the b

quarks widely separated; higher order events are suppressed in this sample. The low

mass dimuon sample has 2 < M(##) < 6 GeV. Finally, the inclusive muon sample

(PT,b > 6) is measured in six momentum ranges of 5 GeV bins from 10 to 40 GeV

for the transverse momentum of the muon. The hard bottom quark fragmentation

functions make any Fr cut on the transverse momentum of the lepton biased in favor

= of the bottom events over charm. The rapidity cut for all samples is [y,[ < 1.5.

Figures 18 through 21 present similar plots at the Tevatron energy of v/s =

1800 GeV. Preliminary results from CDF are also shown. 19

Figures 17 and 22 are the K factor results from our samples at 630 and 1800

_
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GeV, respectively. This is the ratio of the total inclusive result over the lowest order

242 cross section as a function of PT,rnin. For the ISAJET plots the total cross-section

is divided by a "242 lowest order" cross-section for bb production which is not just

the tree-level result, but includes initial-state gluon radiation. These plots also ha.ve

the ratio obtained from the NDE results. The analytical expression is simply defined

as"

g = +
'

where O(c_) represents the Born cross-section and the O(c_) term comes from the

higher order calculation. To obtain these curves the NDE total cross-sections at the

appropriate energy are divided by the lowest order DFLM cross-section. An accurate

reproduction of the analytical result for the K factor demands that one use the 2---,2

hard scattering cross-sections before the QCD evolution of the final state occurs. As

figure 8 indicates, at high PT the value of the Born cross-section may differ by ns much

as 30 percent when compared to the lowest order cross-sections given by ISAJET after

- gluon radiation.

- Figures 23 and 24 show the transverse momentum distribution of the b quark

from the default ISAJET sample for two different rapidity regions: lYbl < 1 and

1 < yb < 3. Figures 25 and 26 show the rapidity distribution of the b quark with

transverse momentum cuts of 10 and 20 GeV respectively. (No conditions are placed

on the b quark.) These distributions will help in interpreting the correlation plots

which follow. As table 2 shows, the cut at 20 GeV serves to increase the relative size of

the gluon splitting and flavor excitation cross-sections so that they are slightly larger

: than the lowest order contribution. It is interesting to observe that the relative sizes

- of the total cross-sections are relatively insensitive to the different rapidity selections

on the bottom quark.

Three variables are chosen to study the correlation behavior of heavy flavor

pair production: the vector sum of the transverse momentum, the rapidity difference,

and the azimuthal angle in the transverse plane between the b and its antiquark.
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The parton level plots show th_. distributions for each production mode and the total

inclusive distribution that results when the lowest order, flavor excitation, and gluon

splitting samples are added bin by bin as in the integrated cross-section plots. Figures

27 and 28 are the/_T _ir distributions for PT,b > i0 GeV and with the two different

selections on rapidity. The next four figures show the rapidity difference distributions

for all combinations of rapidity and transverse momentum selections. Figures 33

and 34 are the azimuthal angle distributions for [yb[ < 1 and with the two different

selections on transverse momentum, Sample _*_,tistical error bars as calculated by

ISAJET are included in these figures.

The only true subtlety to be aware of when binning the correlation histograms

occurs when one plots the Ay distributions for the flavor excitation cross-sections.

Since the samples were generated with the b quark coming only from the proton,

one had to double the cross-section obtained from the Monte Carlo. To treat the

rapidity difference distributions correctly one must instead add the "mirror" events

that represent the b quarks that would come from the antiproton. To do this one

plots y_;- yb for b quarks having rapidity -1 > yb > -3.

i
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CHAPTER 4

DISCUSSION OF RESULTS

Here is discussed the comparison of the three ISAJET samples with each other,

and with the analytic results of NDE; the phenomenological implications of these com-

parisons are then considered. The bases for comparison are: PT and v/_ dependence,

and relative magnitudes, Of cross-sections and K factors. (In comparing different
_

ISAJET samples, gluon splitting and flavor excitation contributions are considered

separately; this cannot be done for NDE results, which do not distinguish these higher

order processes.) Comments are also made about the correlation plots and their lm-

-- plications for heavy flavor production dynamics. .

Results are compared to the pertarbative calculation of NDE; this provides

information on the reliability of ISAJET estimates of signals and backgrounds for QQ

production. The ISAJET estimates exceed the total NDE cross-section by factors of

' 1.5 to 3 depending on x/_, PT.b, and the structure functions used. Better agreement

is found for the DFLM parton distributions plus two-loop coupling constant, i.e. the

same expression used in NDE. We also observe that the ISAJET K factors are larger

: than those obtained from the NDE total cross-sections at high PT (but lower for

-_ PT < 10 GEV). However, the DFLM parameters yield K factors which are larger than

the ratios computed using the EHLQ1 distributions. Such discrepancies may lead to

. overestimates of backgrounds to bottom quark production rates.

In order to interpret the results, it is necessary to understand how the mag-

nitudes of the parameters used in our samples change from one set to the next. It is!

m useful to present a set of figures for a, and for the EHLQ1 and DFLM distributions

-

27
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in order to study the effect of these functions on the cross-sections.

Figure 35 shows the relative size of the coupling strength as a function of pr

for all three choices of c_. For this plot mb = 4,75 GeV, Q_ = p_ + m 2, and AQCD =

260 MeV, These are the "modified" parameters used in the DFLM set. Figure 36 is

a similar plot for which the appropriate masses and scales for each data sample are

used when _, is calculated. Figure 37 presents the gluon distribution for EHLQ1 and

DFLM as a function of PT at V/_ = 1800 GeV. Q2 = pi, + m_ and x = 2pr/v G in this

calculation. Figure 38 does the same for the bottom quark distribution with PT,b >

12 GeV.

Figures 35 through 38 give insight into the ISAJET results. For examples

Figure 35 indicates that the "intermediate" a0 is about 10 percent smaller than

"default" a,; this is reflected in the "intermediate" cross-section being lower than the

"default s' cross-section. This decrease is seen in the results at both center-of-mass

energies. One might also anticipate that the larger b quark structure function in

DFLM (fig. 38) would lead to a larger cross-section for the flavor excitation events;

however, the strong coupling strength is reduced in magnitude in the "modified"

sample. To estimate the effect of these various choices of parameters, test files were

generated in selected bins of transverse momentum for the b quark. The difference in

going from the one to two-loop coupling can lead to changes in the cross-section per

bin on the order of 40 percent, while varying the mass or the factorization scale or

the structure functions neve_' changes the value by more than 20 percent.

At vG = 630 GeV note that the lowest order cross-section is larger than the

gluon splitting and flavor excitation cross-sections for all PT for the samples which

use the EHLQ distributions, figures 13 and 14. At 1800 GeV, these samples show

that gluon splitting and flavor excitation are the dominant contributions to the cross-e

section for PT,min :> l0 GeV. At each energy, the "modified" flavor excitation cross-

section is larger than that of either "default" or "intermediate" ISAJET. The "mod..

ified" lowest order and gluon splitting cross-sections are smaller than those of the

other two sets. This difference can be attributed to the smaller gluon distribution
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found in DFLM. The flavor excitation samples have a b quark in the initial state,

and the larger heavy flavor component of the higher order DFLM structure functions

compensates for the softer glue in such processes as b + g _ b + X.

The inclusive distributions shown in figures 16 and 21 are the sums of the

lowest order cross-section with the contributions from gluon splitting and flavor ex-

citation. At both center-of-mass energies the "modified" ISAJET cross-sectlons are

smaller than the "default" values. Although the b quark mass, parton densities, and

factorization scale are varied in our three samples, the band bordered by the "default"

and "modified" curves in figures 16 and 21 is at best only a rough indication of the

theoretical uncertainty associated with the ISAJET cross sections. The full range of

uncertainty is no doubt larger. The uncertainty in figures 16 and 21 is about a factor

of two for high PT,b at both values of vG.

l/p2NDE present an "error" band set by _ T + < < 2(pi, + m_), 4.5 <

mb < 5 GeV, arid 160 < A4 < 360 MeV. The "modified" ISAJET cross section

falls within this band. However, the central values of the parameters used in the

NDE calculation are identical to those of our "modified" ISAJET calculation. Thus,

one might expect a priori that the dashed "modified" ISAJET curves in figures 16,

17, 21, and 22 should agree identically with the solid NDE curves. The difference

is a quantitative measure of the difference between the analytic and Monte Carlo

approaches to computing bottom quark rates at large PT.

An important observation is that at both center-of-mass energies, the ISAJET

inclusive cross-sections and K factors are larger than the NDE result for PT,b > 1,5

GeV. In this pr,b range, the "default" and "intermediate" cross-sections generated

with the EHLQ set 1 parton densities are at least twice as large as the .NDE values.

As shown in figures 16 and 21, at bpth center-of-mass energies the "modified" curves

are about 1.4 times the central NDE value.

At 1.8 TeV, all three sets of Monte Carlo results give large K factors, between

4.2 and 5.5 for Pz,b > 25 GeV, as shown in figure 21. The "modified" curve is

, ill



II g

-' _,' 30

consistently higher over this range, with values centered around 5.4, while "default"

' and "intermediate" ISAJET _yield values between 4 and 5. These values are larger

than the respective K factors at 630 GeV. The "default" and "intermediate" values

at 630 GeV (fig. 17) center around 2.3 while the K value from the "modified" set lies

between three and four. Note that the Monte Carlo K factors drop steeply to 1 for

PT,b < 20 GeV at both center-of-mass energies. This is!l:_,c_use of the cut on PT,b (12

GeV) for the flavor excitation and gluon splitting samples. The analytic calculation

has no such artificial cut (the low-pT divergence is absorbed into the parton densities);

thus, the analytic K factor is smooth at low values of transverse momentum, as shown

in the figures.

Over the relevant PT ranges, NDE calculate a PT dependent K between 2.6 to

3.2 at 1800 GeV, and K between 1.8 to 2.4 at 630 GeV. At both energies the ISAJET

K factors are larger than the NDE result for PT,b > 20 GeV. ISAJET therefore

overestimates the O(a_) higher 9rder contributions to the cross-section. Figures 17

and 22 exhibit the PT,b dependence of K for centrally produced b quarks. For PT > 20

GeV at vG = 630 GeV the "modified" K factor decreases from 4 to 3 as PT approaches

40 GeV, while the default and intermediate ratios remain fairly constant at 2.6.

Although Kmodi/i_d is greater than Kd_p,,_t_,the "modified" inclusive cross-sections

(figs. 16 and 21) do not overestimate NDE by factors as much as do the others. One

sees better agreement for the cross-sections than the K factors; this is because the

lowest order bb cross-sections are much smaller for the two-loop parameters for as.

The NDE results show that K is a mildly decreasing function of PT at both

energies. Note that the ratio K at vG = 630 GeV in the "modified" case peaks at a

pr,b of 20 GeV, and then declines as the transverse momentum increases. Test samples

of flavor excitation and lowest order b production, with gluon splitting omitted, lead

to a curve at this energy which continues to drop to K = 1 as PT approaches 80 GeV.

This reflects the fact that the flavor excitation contribution becomes less pronounced
.

in ISAJET at high PT. Figures 13 through 15 exhibit this effect at y/_ = 630 GeV.
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At PT,b = 80 GeV, the gluon splitting and flavor excitation cross-sectlons are much

smaller than the lowest order contribution. An indication of this decrease is also

seen at v_ = 1800 GeV. Cudell et al.29 present K factor calculations for different

Monte Carlos for PT,bOUt to 1000 GeV for a center-of-mass energy of 16 TeV. All the

computer algorithms eventually show a dropoff in the value of K while the analytic

result remains constant.

Higher order contributions to ISAJET heavy flavor cross-sections become larger

when the center-of-mass energy is raised from 630 GeV to 1800 GeV. This is also true

for the NDE calculation. However, the ratio IQsoo/K63o is approximately constant

for large PT for any parameter set. The ISAJET overestimate of the NDE K factor

can be expressed as a ratio Kmo_/KNDE. For PT,b> 25 GeV, this value also appears

to be approximately constant at -_ 1.8; there is little PT,bor V_ dependence. Extend-

ing these results to higher values of PT and v/_ would be useful in studies of heavy

flavor production at future hadron colliders. Perhaps ISAJET overestimates of the

cross-section might be taken into account by a simple correction fact0}.

One can relate the discrepancy between the ISAJET cross-sections and the

analytic result to the ideas discussed in chapter 2. The high PT,Q gluon radiation

effects and ihe heavy flavor structure function effects are small out to PT,b < 80 GeV,

so they cannot be responsible for the ISAJET cross-section being larger than the NDE

result. The physics leading to Coulomb-type threshold enhancements is not included

in the Monte Carlo code used here. This leaves the "non-interference" approximation

- discussed by R. Meng and colleagues 2s as the major cause of the difference between

the two calculations.

A phenomenology issue to be aware of as a result of this discrepancy is the

possibility of incorrectly estimating bottom quark backgrounds to other physical'pro-

cesses of interest. The UA1 collaboration has published results is which indicate that

at v/_ = 630 GeV the experimental cross-sections for bottom quark production are in

reasonable agreement with those calculated by NDE (see fig. 16). Preliminary results
4
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from CDF 19 show the b quark cross-section to be larger than the NDE result.

Experimentally, a detailed understanding of bottom (and charm) production

is essential for estimating backgrounds to production of heavier objects. To define

sensible selection criteria for extracting signal from background, one must understand

the typical event topology within the detecter--i.e._ differential distributions in rele-

vant kinematic variables. While 242 QCD processes produce back-to-back bb pairs,

higher order processes produce events with more complex topologies involving an

extra hadronic jet. v An experimental handle on higher order topologies is the distri-

bution in the difference AC between the azimuthal angles of the b and b. In lowest

order, b and b will be back-to-back (/k¢ = 180°); gluon splitting produces events with

&¢ _- 0, and flavor excitation provides a broad distribution in AC. 7 Other lowest

order results--such as low pair transverse momentum I/YT,b-t-/YT,_I,and broad positive

correlate.on,s of yb and y_--will also be altered by higher order processes. Data will

provide important guidance for refinements of both the analytical and Monte Carlo

approaches.

Figures 23 to 26 present the singly differential distributions in transverse mo-

mentum and rapidity for the b quark using the selections made for the correlation

plots (see table 2). It is interesting to observe that the higher order contributions in

the PT,b and in the rapidity distributions have roughly the same shape as the lowest or-

der curves. This behavior favors the assumption that correction factors may perhaps

be used to model heavy flavor production in Monte Carlo calculations. This notion

is disabused after study of the correlation plots, however, since the three processes

have different behavior in the Ay and AC distributions. It is difficult to see how one

can use simple "K-factor" type corrections to treat these correlation distributions.

The analytic calculation of heavy quark correlation distributions is still work

irl progress. Nevertheless, the ISAJET distributions presented in figures 27 through

34 suggest several qualitative issues to be considered when one eventually makes

the comparison of Monte Carlo results with analytic expressions. For example, the

m
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[/_r,b+/TT,_[plots (figs. 27 and 28) provide an effective way to separate higher order

effects from the lowt_t order production processes. At least two orders of magnitude

separates the gluon spli_:;ug cross-section from the lowest order result at/_Tai_= 80

GeV. Such an analysis would require a thorough understanding of initial and final

state gluon radiation; these processes are responsible for the lowest order distribution

having non-zero values, as one would expect from the naive parton model. The

_air results suggest, that studies of transverse momentum correlations could also be

useful in tagging higher order processes. Knowledge of the Pr,0 distributions, given a

selection on PT,O,,might help in analyzing backgrounds to top quark production and

in studying mixing and CP violation phenomena.

The ISAJET results suggest that the addition of gluon splitting events to the

lowest order sample changes the shape of the total rapidity difference distribution

by narrowing it in width by approximately 1 unit in rapidity. The change of the

transverse momentum cut on the bquark from 10to 20 GeV has the effect of increasing

the relative contribution from the gluon splitting and flavor excitation samples in the

correlation distributions. This can be seen by studying figure 18, the integrated cross-

section in pr,b for the default sample. For the cut at 10 GeV (fig. 29), the full width

of the rapidity distribution at half maximum for the lowest order sample is about 4

uIlits, while the total distribution has a FWHM equal to 2.8. The numbers for pr,b >

20 GeV are similar (fig. 31); FWHM goes from 3.6 to 2.6 when the higher order

cross-section is added.

Reference 8 contains a lengthy discussion on the relationship between the

lowest order dynamics and the correlation distributions, lt appears that several of

the arguments and observations presented there can be applied to the ISAJET higher

order distributions in order to gain some understanding of the behavior seen in the

ISAJET samples. The basic point is that the Born cross-sections are dependent only

on Ay and favor a broad distribution in that variable, while the parton distribution

functions can act to suppress contributions at large Ay. At lowest order one sees

broad correlations due to gg _ QQ. For the higher order effects the gluon splitting
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processes, which are presumed to be primarily due to initial state gluons, lead to a

narrowing of the distribution.

More detailed studies of correlation behavior will include pl_ts of Ay with

different rapidity selections on the b quark. For example, by choosing a cut 1 < yb < 3

on the b quark one can check for positive correlation behavior of the partner. Such

calculations have already been carried out in the case of lowest order production; they

exhibit positive correlation behavior between the quark and the anti-quark, s The

Ay plots presented in figures 30 and 32 confirm this behavior for the lowest order

processes, since the distribution is only slightly shifted in the positive direction with

the peak Ay < 1. ("Perfect" positive correlation is marked by the Ay distribution

remaining centered at zero, i.e. Yb = Y_.) The gluon splitting samples exhibit strong

positive correlations. One might expect that the properties of the gluon splitting

function which govern this mechanism do not depend strongly on the rapidity of the

initial gluon. The rapidity difference distribution for the flavor excitation samples

" are quite broad due to the /_ having large values of lYl. The effect bf this binodal

distribution of the antiquark can be seen in the asymmetric 1 < yb < 3 plots.

The ratio of the cross-sections at zero and 180 degrees in the azimuthal angle

plots (figs. 33 and 34) provides a quantitative measure of the relative contribution of

higher order effects. For PT,b > 10 GeV, the back to back cross-section is about ten

times larger than the cross-section at zero degrees. This ratio is reduced by about

half when the transverse momentum cut on the b quark is increased to 20 GeV, These

numbers are consistent with the cross-sections at 1800 GeV center- of-mass energy

shown in table 2. Between pr,b = 10 GeV and PT,b= 20 GeV the flavor excitation

_ and gluon splitting cross-sections become larger than the lowest order result.

A curious feature of the azimuthal angle distributions is the apparent dip in

the cross-section at Ac = 0 seen in figure 33. This may be due to the lower bound

on Q2 imposed by ISAJET on the gluon radiation in the code's evolution algorithm;

a gluon that converts into a quark anti-quark pair is required to have some minimum

_
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energy. This leads to a non-zero opening angle between the Q and _).

The correlation plots presented here allow rough estimates of the relationship

between the correlation variables themselves. A cut on lAy] < 1 would tend to favor

higher order contributions to the azimuthal angle distributions. Selecting [Ay] > 2

would tend to eliminate most of the gluon splitting events and cause a drop-off in

the azimuthal angle distribution for small angles. This behavior has been seen in

Monte Carlo calculations of Ay vs. AC performed by Webber and Ellis. 34 Similarly,

a selection on PT,pa¢rcould be used to negate lowest order production. The AC

distribution would lose the peak at 180 degrees. Cuts on A¢ may also be employed

to study PT and rapidity distributions of lowest order and higher order events. Perhaps

the most challenging study would be to find some set of selections which would tend

: to favor the flavor excitation contribution. This might be of interest to someone

wishing to study heavy flavor parton distribution functions. The plots presented here

indicate that some combination of cuts on azimuthal angle (restricted to about 120

degrees) and rapidity difference (taking advan_age of the strong positive correlations

seen in the gluon splitting events) might help in this regard. Correlation distributions

in Pr, b versus PT,_ may also be useful.

One can interpret the results presented here in light of proposed experiments to

study B meson mixing. The problem is to find the location of the/? meson given the

location of the B. At large transverse momentum one can assume that the location of

the precursor bottom quarks will represent the position of the resulting leptons seen

in the detector. The Ay cross-sections indicate that the antiflavor decay will most

likely fall within a reasonably narrow rapidity range around the b quark as long as

kinematic selections on the events do not cut out the higher order events. The/_r _i_

' distributions suggest that many of the event pairs will have non-negligible transverse

momentum in a plane perpendicular to the beam axis. One should also notice that

overly stringent selections on the azimuthal angle may eliminate many B/) events

that are generated by higher order processes.

J
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It has already been established that ISAJET overestimates the cross-section

for high transverse momentum bottom quarks. A natural issue is the location of the

extra cross-section occurring in the more detailed correlation curve (at high or low

rapidity, for example). Studies of this issue will require even larger samples in order to

obtain accurate scatter plots relating PT,b to Ay and 6,¢. The O(a_) calculation begins

to break down at very large transverse momentum. The above mentioned scatter plot

studies should help to establish similar problem areas in the exact calculation of the

correlation distributions. Future analytical work may also provide an understanding

of bb threshold effects on correlations. The extension of the analysis done in reference

28 to include differential distributions in transverse momentum, rapidity, and the

correlation variables is expected to shed light on these issues.

IE
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CHAPTER 5

CONCLUSIONS

Recent developments in the analytic calculation and in the measurement of

heavy flavor cross-sections have led to a re-examination of the high PT behavior of

heavy flavor production. The calculation of the heavy flavor production cross-section

to O(a_) in perturbation theory "_'1°'1_provides a new benchmark for higher order

calculations and precision tests of QCD. One application of these results is to study

the differences between the analytic and Monte Carlo approaches to calculating heavy

flavor production cross-sections.

In this work bottom quark production events as simulated by" ISAJET have

been generated and analyzed. Using three different sets of input parameters, the

effects of variations in these parameters have been examined. The reduction of the

strong coupling strength a, from the lowest order expression to the two-loop expres-

sion is the primary factor determining the relative sizes of the computed cross-sections.

Other aspects of the results can be understood from the differences in the gluon and

bottom quark structure functions of EHLQ1 and DFLM.

Cross-sections from the ISAJET samples are compared with the next-to-leading

• order calculation of Nason, Dawson, and Ellis. All ISAJET samples yield a distribu-

tion in transverse momentum whose shape agrees with analytic results for PT,b> 15

GeV. However, ISAJET resul,ts consistently exceed the total analytical cross section

at large PT,b. This result is independent of input parameters and parton distributions

(DFLM vs. EHLQ). ISAJET cross sections at vG = 63O GeV are consistent with
..

UA1 data out to Pr, b = 20 GeV and preliminary CDF results are more in agreement

with ISAJET than with the analytical calculation.
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The K factors frola the ISAJET studies are larger than those determined

by NDE for large values of transverse momentum. While the parameters of the

"modified" ISAJET program yield cross sections closest to those of NDE, they yield

K factors furthest from NDE's. This discrepancy has consequences for experimental

tests of QCD, and for background estimates involving heavy flavor production and

other new physics. The large higher order contributions to the cross section become

most apparent in correlation studies of heavy flavor pairs. These effects are seen, for

example, in the narrowing of the rapidity distribution for Ayb_;, and in the increase

in cross-section near ACb_,= 0 due to contributions from gluon splitting. Data on

azimuthal angle dependence, ACb_, should be particularly informative/ ISAJET

calculations of the distribution in ACb_, or the transverse momentum of the bl)pair,

should be compared withanalytic results as these become available. Such comparisons

will be valuable in further assessments of the reliability of Monte Carlo calculations.

Similar Monte Carlo calculations can be made using the parton level program

PAPAGENO. Here the exact tree-level 2---,3 matrix element is included. Depending

on kinematics one can generate events which look like either gluon splitting or flavor

excitation. The main concern with the PAPAGENO results is how weil the tree-level

cross-sections do in reproducing the full result. Galtieri et ai.3s have studied these

distributions and have compared them to ISAJET and NDE cross-sections with an

eye towards application to CDF physics. Such studies may lead to general conclusions

about the relative merits of matrix element versus shower codes in performing Monte

Carlo calculations of heavy flavor production rates. Mention should also be made of

Monte Carlo codes which attempt to include subtle QCD effects in their radiation

algorithm. PYTHIA 36 uses the Lund algorithm for hadronization and uses a more

sophisticated evolution code for gluon radiation which includes coherence effects.

These effects are typically small but may play a role in certain kinematic distributions,

such as those which involve ACQ0, the azimuthal angle between the heavy quarks.

Different physics is represented to differing degrees of accuracy in the ana-

lytic and Monte Carlo approaches. In the analytic approach, interference effects are

T



w . t

incorporated at the level of amplitudes, and infrared and collinear divergences are

treated properly. However, limitations are associated with the fact that the analytic

calculation is done to a finite order in perturbation theory. These limitations reduce

confidence in the analytical calculation when Fr >> mb. In this region, higher order

multiple gluon radiation modifies the PT distribution. Moreover, for Fr >> mb, it is

appealing to consider that a portion of the cross section is attributable to "flavor

excitation". The analytic calculation includes this portion only to 0 (a_) whereas a

larger, or, at least, different answer would be obtained by treating the b quark as a

parton from the initial hadron. The b quark parton distribution function is, in prin-

ciple, a quantity which incorporates all orders in ez,. Comments have already been

made on the adjustments for double-counting which must be made if an initial b quark

flavor excitation contribution is to be added to the analytic result. This discussion

suggests that the fully analytic O (a,3) approach is preferable for PT _< a few times

mb. In this domain, the event topology should also resemble that of the lowest order

cross sections. However, for PT >:>mb, there are good reasons to appeal to the mul-

tiple gluon radiation and flavor excitation contributions incorporated" in the Monte

Carlo approach. How accurately these are included is a matter for further study. It

would be valuable to understand how well Monte Carlo simulations may handle the

ln(pT/mb) behavior which causes the breakdown of the perturbative expansion for

PT >> mb. Second, an algorithm should be devised to resolve the double-counting

problem of initial-state heavy quarks.

Future research with Monte Carlo techniques might study ISAJET cross-

sections of very massive too quarks in kinematic regimes where the higher order

corrections are expected to be small. Such samples may prove to be useful "controls"

in attempting to sift out the effects of the interference terms in the exact calculation.,

from the flavor excitation and gluon radiation effects discussed in section 2. Valu-

able work has already been done by Meng eg al. in attempting to pin down the

source of the Monte Carlo overestimate. 2s Their analytic results suggest that this ..

- overestimate is intrinsic to any Monte Carlo calculation which neglects interference
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effects. Simple correction factors may be employed to compensate for the Monte

Carlo overestimates. However, their approx!mate formulae for initial state radiation

differ from the approach used in the ISAJET calculation; the question is whether a

correction factor can be successfully incorporated into the SjSstran t algorithm. Even

if this could be done, careful studies will be needed to understand the effects of such

corrections on the correlation distributions.

Given the issues presented above, one is led to ask which approach is preferred

S 'for comparison to experimental data. The re ul:s from this work favor the continuing

use of analytic calculations, at least at current collider energy and kinematic regimes.

The calculations presented in section 2 indicate that the effects due to gluon radiation

at high transverse momentum and the neglect of flavor excitation are small out to

PT,b "- 80 GeV at collider energies of 630 and 1800 GeV, while the ISAJET results

exhibit an overestimate in these regions. It will be important to understand the

kinematic regions where the perturbative calculation becomes unreliable and Monte

Carlo approximations are preferred.

An understanding of bottom quark production in leading and next-to-leading

order is important, both in its owi, right and as a background to new physics. The

present study addresses some questions, and raises still others; further investigation

on a number of fronts is clearly needed. It would be interesting to explore whether

changes could be made in ISAJET and in other Monte Carlo simulation programs

which would allow them to more accurately reproduce the high PT behavior of heavy

flavor production. Such research will probably depend heavily on an understanding

of initial state radiation in heavy flavor production and on a deeper understanding of

gluon and heavy quark parton distributions at small z. The other major line of attack

should be to achieve a detailed knowledge of the correlation behavior for both Monte
i

Carlo and analytic calculations. Not only would this lead to a better understanding

of the relative merits of the two approaches, but also to a telling probe of some of the

actual dynamics of heavy quark production.

, , i , 1 i
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TABLE i

ISAJET EVENT SAMPLES

range of _art _totat_and number of
' 'tevents passing rapldl y cut

default intermediate modified

630 GeV lowest 2-160 GeV 2-160 GeV 2-160 GeV

order 4,35 #b 4.60 #b 3.59 #b

75000/79000 70000/79000 76000/79000

gluon 12-160 GeV 12-160 GeV 12-160 GeV

splitting 0.366 #b 0.328 #b 0,238 #b

, 52000/74000 34000/37000 23000/37000

[ 00 vents/2G v] [ 00ew t/2 c v]

flavor 12-150 GeV 12-138 GeV 12-.144 GeV

excitation 0.154 t_b 0,136 #b 0,234 #b

63000/69000 57000/63000 30000/33000

{ 0o   nts/2

total 4.87 #b 5.06 ttb 4.06 #b

1800 GeV lowest 2-150 GeV 2-150 GeV 2-150 GeV

order 9.00 ttb 8.55 #b 6.96 #b

49000/74000 49000/74000 50000/74000

gluon 12-148 GeV 12-144 GeV 12-150 GeV

splitting 1.82 #b 1,50 #b 1.17 #b

42000/68000 40000/66000 42000/69000

flavor 12-150 GeV 12-150 GeV 12-150 GeV

excitation 0,859 #b 0.710/Lb 1.01 #b

39000/69000 39000/69000 31000/69000

total 11.7 #b 10.8/_b 9.14 ttb

-2



TABLE 2

CORRELATION SAMPLES

number of events, cross-section

xfi '_1800 GeV PT,b>10 GeV PT,b> 20 GeV, ,

-1< yb <1 lowest 46000 events 43000

order 0,96 #b 0.091 #b

gluon 32000 24000

splitting 0.72 #b 0,134 #b

flavor ,31000 26000

excitation 0,52 #b 0,130 #b

total 2,20 #b 0,355 FLb

1< yb <3 lowest 11000 9000

order 0.59 #b 0.045 #b _, ,,

gluon 9000 6000

splitting 0.42 #b 0,041 #b

flavor 7000 3000

excitation 0,26 #b 0.050 #b

total 1.27 #h 0.136 #b

J
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(bl)

Figure 1 - Lowest order Feynman diagrams for heavy quark production. (a)

represents the quark anti-quark annihilation subprocess. (bl,2,3) are the gluon initi- °,

ated subprocesses. (b2) and (b3) involve{-channel exchange of the heavy flavor.
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(b)

rO-O-O-O-'_O O_O_O_O_"=" _

+al ...

(d)

+ Figure 2 - Typical higher order diagrams involving virtual corrections to the

lowest order diagrams. These diagrams give O(c_a) contributions to the cross-section .,

when multiplied with the lowest order diagrams in figure 1.
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Figure 3 - Higher order tree level processes involving either gluon emission (a)

or gluon splitting (b,c,d).
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Figure 4 - Event topologies for lowest order and higher order processes. (a)

represents lowest order production in which the QQ pair is produced back to back in

the parton center of mass frame. (b) and (c) are event topologies which are allowed

" in higher order processes. In (b) the quark and the anti-quark are produced close

_' together in phase space with momentum balanced by a third jet. (c) represents a

.... t, ,_,,_ _,,_,,, n,_rk" _.lcme is scattered with large transverse momentum.
ptut._SS: .... 1.,:



Figure 5 - Diagrams representing gluon splitting events (al,a2) and flavor ex-

citation (bl,b2). The analytic calculation computes (al) exactly while the ISAJET

Monte Carlo uses a gluon splitting function (a2). Flavor excitation events are calcu-

lated in ISAJET by using heavy quark distribution functions (bl) while the analytic

calculation uses initial state gluons (b2).
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Figure 6 - Resultsof O(a_) analytic calculations. (a) Beenakker et al. results

showing the relative contributions to the total cross-section for b quark production

from lowest order (1) and. higher order processes as a function of s, the parton center

of mass energy. Line (5) is the totil. (b) Nason, Dawson, and Ellis results showing "

the dependence of their higher order cross-section as a function of PT,bat 1800 GeV.
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Figure 7 - Results from reference 28 showing the relative contributions to

theag_ QX p_rto_l_velc_o_-,e_tio_f_omlowero_ae_(f_0_)_a highe_o_ae_

(f(1)) terms (solid tines). Also shown (dashes) ase the results from approximationsgg

representing initial sta,te gluon bremsstralung (ISGB), flavor excitation (FE), and

gluon splitting (GS) contributions and their sum. r/= 4,,,; •



a •

50

Default ISAJET Lowest Order

l0 i - no evolution
...... evolved

0i0
_ _/_:1800 GeV

lo-I lybl<1oA

m_
.. 10 -2

+
i0-3t

lm
-4_10

b

0 20 40 60 80

pTm_ [G_V]

Figure 8 - Lowest order ISAJET cross-section with and without gluon radia-

tion.
..
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Default ISAJET Flav. Ex.

i01 _---- no evolution --_
:i --, _ : ...... evolved :

_- 0 ---e
._ i 0 __... =

_ ' _Q-=1800 GeV =

m i0-iA
[-_

m_

_<-l0 -2
+

i0-3

C_ -4 --=
_i0 _
b -

- ! 1 L ---I t I i I 1 I I t I I I t I ,,1 I

0 20 40 60 80
,,, rnin

Figure 9 - Flavor excitation ISAJET cross-section with and without gluon

radiation.
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=

(b)

=

_ Figure 10 - Treatment of hard scattering events with a heavy flavor in the

initial state. (a) represents tb _ Higgs calculation described in reference 31. (b)

_- represents a similar subtraction procedure for the b quark.
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Figure 11 - Differential cross-sections for the processes bq--, bX and gq -+ bX

at x/_ = 630 GeV (computed using C.P. Yuan's parton level Monte Carlo). ..
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Figure 12 - Differential cro_s-sections for the processes bq .-* bX and gq _ bX

at V_ = 1800 GeV (computed using C.P. Yuan's parton level Monte Carlo).
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min

PT [GEV]

' Figure 13- Cross-sections from "default" ISAJETat vG = 630 GeV. ct(p/3

b + X;pT,b > pT,mln) is plotted against PT,mln. The rapidity cut on tile b quark is

[yb[< 1.5 at this energy. The solid line is the total inclusive cross-section. Here and

in the diagrams that follow, "FX" refers to the flavor excitation sample and "GS"

refers to the gluon splitting sample.
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Figure 14 - Cross-sections from "intermediate" ISAJET at V/7= 630 GeV,
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Figure 15 - Cr'oss-sections from "modified" ISAJET at v/7 = 630 GeV,
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Total to O(as z)

Figure 16 - Total cross-sections for "default", "intermediate", and "modified"

. ISAJET samples at V/_= 630 GeV. .
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Figure 17 - K factor at v/s = 630 GeV obtained from ISAJET samples. Also

presented is the K factor (solid) obtained by dividing the,'NDE result by the lowest

order DFLM cross-sections at the parton level.
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Default ISAJET

I

-, Figure 18 - Cross-sections from "default" ISAJET v_ = 1800 GeV. a(pi5

b + X;pr,b > pT,mir_) is plotted against PT,min. The rapidity cut on the b quark is

_ lYbl < 1.0 at this energy. The solid line is the sum of the three processes which is the

total inclusive cross-section given by ISAJET.
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Figure: 19- Cross-sections from "intermediate" ISAJET at v_ = 1800 GeV.
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- Figure 20- Cross-sections from "modified" ISAJET at VG= 1800 GeV.

lr ' ' ' '



Total to 0(_ 3)

_-" _ - _DE --_
I01

___ ! _.x%_ - -Modified ISAJET -

fi-_ 100 z x_@ -- Default ISAJET
.[ _ x_am .... . Inter. ISAJET =-

F__ _ _ _js-=1800 GeV -:

A <I.0 -
•- i0 _ <.._ , :

4n i0-3 " "' _-_=

lm : []CDF preliminary -o_ -4 --=
_i0 ==-- -z
b :

- 1 1 l -- I t, I 1 1 I 1 I I 1 I I 1 I, I t

o Bo ,4o 6o Bo
pT min [GEV]

Figure 21-Totalcross-sections for"default", "intermediate", and "modified"

ISAJET samples ai; v/7 = 1800 GeV. ..
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' Figure 22 - K factor at v/7 = 1800 GeV obtained from ISAJET samples. Also

presented is the K factor (solid) obtained by dividing the NDE result by the lowest

order DFLM cross-sections at the parton level.
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Default ISAJET PT,b

0 20 40 60 80

PT,b[GEV]

Figure 23 - Transverse momentum distribution from default ISAJET for the

b quark with lYbl< 1. Sample points are shown at Pr,b values of 20, 40, 60, and

75 GeV. The flavor excitation points are shifted slightly to the left and the gluon

splitting values are shifted to the right.
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Default ISAJET PT,b

Figure 24 - Transverse momentum distribution from default ISAJET for the

b quark with 1 < Yb < 3. Sample points are shown at pr,b values of 20, 40, 60, and

" 75 GeV. The flavor excitation points are shifted slightly to the left and the gluon "

splitting values are shifted to the right.
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' Default ISAJET Yb
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Figure 25 - Rapidity distribution from default ISAJET for the b quark with

PT,b> 10 GeV. Sample points are shown at rapidity values of-2, 0, and 2 with the

gluon splitting point shifted slightly to the left.
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Figure 26 - Rapidity distribution from default ISAJET for the b quark with

pT,b> 20 GeV. Sample points are shown at rapidity values of-1, 0, and 1 with the

gluon splitting point shifted slightly to the left•
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Figure 27 -Transverse momentum distribution from default ISAJET for iC?T"i',

the vector sum of the transverse momenta of the b and the b. (lYbl <1.) Sample

points are shown at/_T"it values of 20, 40, 60, and 75 GeV.

i_ ' , , i



- Figure 28 -Transverse momentum distribution from default ISAJET for _T_ir,

: the vector sum of the transverse momenta of the b and b.(1 < Yb< 3.) Sample points

are shown at p_r values of 20, 40, 60, and 75 GeV.
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Default ISAJET Ay

10,_0 _1 , I ' I I I ' ' I ' t ' ' ' II'l I ' I I I '- "VQ-=1800 GeV 2_ 2
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' Figure 29 - Rapidity difference distribution of the heavy flavor pair for each

production mode. The b quark has lYbl < 1 and transverse momentum larger than

10 GeV. Sample points are shown at rapidity values of-I,-0.4, 0, 0.4, and 1 for the

lowest order and total cross-sections.
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Figure 30 - Rapidity difference distribution of the heavy flavor pair for each

production mode. The b quark has rapidity between 1 and 3 and transverse rnomen-

- tmn larger than 10 GeV. Sample points are shown at rapidity values of-1, 0, 1, and

2 forthe flavor excitation and total cross-sections.
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Figure 31 - Rapidity 'difference distribution o'fthe heavy flavor pair for each

production mode. The b quark has lYbl< 1 and transverse momentum !arger than 20

GeV. Sample points are shown at rapidity values of-1, -0.4, 0.4, and 1 for the lowest

order and total cross-sections.
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Figure 32 - Rapidity difference distribution of the heavy fla,._,rpair for each *

production mode. The b quark has rapidity between 1 and 3 and transverse momen-

- rum larger than 20 GeV. Sample points are shown at rapidity values of-2, -1, l, and

2 for the flavor excitation and total cross-sections.
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Figure 33 - Azimuthal angle distribution of t] :e heavy flavor pair for each

product:on mode. The b quark has lYbl< 1 and transverse momentum larger than

10 GeV. Actual values with the ISAJET calculated errors are shown for the total

_ cross-section.
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Figure 34 - Azimuthal angle distribution of the heavy flavor pair for each

production mode. The b quark has lYbl< 1 and transverse momentum larger than

20 GeV. Actual values with the ISAJET calculated errors are shown for the total

"" cross-section.
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Figure 35 - The strong coupling strength a, is shown as a function of PT for
intermediate ISAJET

each of the three samples: "default" ISAJET (dot-dash), "' " "

(dots), and "modified" DFLM ISAJET (dashes). For these curves the masses and

- scale choice are fixed in order to study the effect of the different functional forms

for the coupling constant, mb = 4.75 GeV, mt = 60 GeV, A4 = 260 MeV, and
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Figure 36 - The strong coupling strength a, vs. pr is shown using the appro-

priate parameters for each of the three data samples as described in the beginning of

section 3.
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Figure 37 - EHLQ (solid line) and DFLM (daM_edline) gluon distribution

as a function of PT. The function g(x, Q2)is _valu_teaby _aking z = 2pr/v/_.
- O

C_ = p} + m] for the DFLM curve (mb = 4.75 GeV) and the default ISAJET scale is
=

e,,aluated at Ay = 0 for the 2 to 2 hard scatter which yields Q2 = max(4m], 4p}/3)

where mb = 4.9 GeV.
!
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Bottom distribution
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[GEV]

, distribution
l_lgur_,38 - EHLQ (solid line) and DFLM (dashed line) bottom

as a function of Pr. The function g(z, Q2) is evaluated by taking x = 2prV/7. ..

--- Q2 = p_.+ miI for the DFLM curve (_nb = 4.75 GeV) and the default ISAJET scale is

evaluated at Ay = 0 for the 2 to 2 hard scatter which yields Q2 = max(4m[, 4p_,/3)

where mb = 4.9 GeV.
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