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Now that the existence of the top quark isfirmly established, attention turnsto mea-
suring its properties. Because of its large mass, the top quark may be sensitive to physics
beyond the standard model. A promising candidate for this new physics is supersymme-
try. Hence, we cal cul ate the supersymmetric QCD correction to top-quark production at the
Fermilab Tevatron, allowing for arbitrary left-right mixing of the squarks. We find that the
correction is significant for several combinations of gluino and squark masses, e.g. +33%
for Mg = 200 GeV, my = mg = 75 GeV.

Single-top-quark production at hadron collidersprovidesan opportunity to directly probe
the charged-current weak interaction of the top quark. We calculate the next-to-leading-
order correctionsto single-top-quark production viaW-gluon fusion at the Fermilab Teva-
tron, the CERN Large Hadron Collider, and DESY HERA. Using a b-quark distribution
function to sum collinear logarithms, we show that there are two independent corrections,
of order 1/ In(m?/mZ) and as. This observation is generic to processes involving a pertur-
batively derived heavy-quark distribution function at an energy scale large compared with
the heavy-quark mass.

Using the next-to-leading-order resultsfor the W-gluon fusion cross section, we analyze
the possibilities for studying single-top-quark production at the Tevatron and LHC. Wefind
that there may be evidencefor single-top-quark productionin Run | data. Run |l at the Teva-

tron should allow the W-gluon fusion cross section to be measured to +22% with 2 fo~1 of



data. The LHC will have a statistical resolution of +2% with the first 1 fb—1 of data. The

implicationsof these resultsfor measuring V;, and top-quark spin polarization are di scussed.



To my parents

and my wife ivian



Acknowledgments

First, and foremost, | would liketo thank my advisor, Scott Willenbrock, for hisdirection
and encouragement. From our many long discussions | have learned how phenomenology
isreally done. | would like to thank my collaborator, Tim Stelzer, for sharing his under-
standing of perturbative physics and numerical analysis, and for hisfriendship.

| wish to thank my mother, Lana Shaw Levine, and father, James Ferguson Sullivan,
for their constant support and dedication. They encouraged my curiosity in al things, and
taught me to aways look a bit further. | have received from them my character and my
strength. My most heart-felt thanks go to my wife, Vivian Slager Sullivan. Her love, devo-
tion, and support have brought meto where | am.

| am grateful to all of my teachers, friends, and everyone who has challenged me to re-
examine my beliefs.

This work was supported by the Department of Physics of the University of Illinois at
Urbana-Champaign, the U.S. Department of Education GAANN Fellowship under Grant
Numbers DE-P200A 10532, and DE-P200A 40532, and the U.S. Department of Energy un-

der Grant Number DE-FG02-91ER40677.

Vi



Table of Contents

Chapter
1 Introduction . . . . . . . . . . . .. 1
1.1 Supersymmetric extensonsof thestandardmodel . . . . . . .. .. .. .. 4
111 Direct searchesfor supersymmetry . . . . . . ... ... ... ... 7
1.1.2 Anindirect search for supersymmetry viatop-quark production . . 11
12 Single-top-quark production . . . . . .. ... ... 11

2 Supersymmetric QCD correction to top-quark production at the Fermilab Tevatron 17

2.1 Analytic Supersymmetric QCD Correction. . . . . . .. . . ... ... .. 19

22 Numerical results . . . . . . . . . 28
221 Rdaiveszeof thecorrectionterms . . . . . . .. ... ... ... 28

222 tHCrosSSection . . . .. ... ... 30

223 ttinvariant massdistributions . . . .. ... ... ... L. L. 35

224 Strongforceparityviolation . . . . .. ... ... L. 38

23 Conclusions . . . . . .. 39

3 Single-top-quark production viaW-gluon fusion at next-to-leadingorder . . . . . 41
3.1 Next-to-leading-order corrections . . . . . ... ... ... .. ...... 43
311 1/In(m¢/md)correction . .. .. ... ... 43

vii



312 OgCOrreCtion . . . . . . v i i e e 47

313 Higherorders . . . . . . .. 49

3.14 Factorization schemefor heavy quarks. . . . . .. ... ... ... 50

3.2 Structure-functionapproach . . . . . .. ... ... ... ... 51

321 Factorizationscale . . . ... .. ... 55

33 ResaultsandConclusions . . . . . . . .. ... 57

4 Single-top-quark production at hadroncolliders . . . . .. ... ... .. .. .. 64

4.1 Acceptancefor W-gluonfusion. . . . .. ... .. .. ... 67

411 Theoretica uncertainties . . . . . ... ... .. 71

42 Caculaion . .. .. ... .. e 72

43 Numericalresults . . . . . . . . . . . .. 75

44 Measuring thetop-quark polarization. . . . . . ... ... ... .. .... 85

45 Conclusions . . . . . . .. e 92
Appendix

A SupersymetricQCD formfactors . . . . . . .. . ... .. . 94

B Numerical evaluation of tensor loopintegrals . . . . . .. ... ... ... ... 98

C Next-to-leading order structurefunctions . . . . . . . ... ... .. ... .... 113

References. . . . . . . . . . e 117

Vita . . e e 122

viii



List of Tables

11

12

31

The MSSM physical spectrum in terms of both mass eigenstates and inter-
action eigenstates. The nomenclature is chosen to be identical with that of
Haberand Kane[12]. . . . . . . . . .

Current experimental limits on superparticle masses from direct searches.

Cross sections for single-top-quark production via W-gluon fusion at the
Tevatron, LHC, and HERA for my = 175 GeV. The cross sections are the
sum of t andt production at the Tevatron and the LHC, and either t (positron
beam) or t (electron beam) at HERA. The first column gives the leading-
order cross section [Fig. 3.2(a)]; the second column the correction of order
1/ In(mé/mg) [Figs. 3.2(b), 3.2(c)]; the third column the correction of order
0s (Figs. 3.3, 3.4); and the last column the next-to-leading-order cross sec-
tion (the sum of thefirst three columns). All calculations are performed in
theMS scheme using CTEQ4M parton distributionsfunctionswith p2 = Q2

for the light-quark vertex and p2 = Q%+ n¥ for the heavy-quark vertex. . .

58



41

4.2

4.3

44

Cross sections (pb) for single-top-quark productionviaW-gluonfusionwith
m = 175 GeV. The second column is the total next-to-leading-order cross
section (see Table 3.1, or Ref. [8]), and the third the cross section with the
Bantiquark below prmax = 20 GeV. The uncertainty is estimated from the
scale variation of the cross section, and does not include the uncertainty in
the parton distribution functions nor the uncertainty in the top-quark mass. .
Cuts used to simulate the acceptance of the detector. The rapidity coverage
for jetsistakentobe 2.5 at the Tevatron and 4 at the LHC. The pr, threshold
is greater for charged leptons which are used as triggers (in parentheses). . .
Cross sections (fb) for single-top-quark production and a variety of back-
ground processes at Run | of the Fermilab Tevatron. The W-gluon-fusion
signal is denoted by tbj, and the s-channel by tb. Listed in parenthesis are
the cross sectionsfor eventsin which the reconstructed b¢ *v invariant mass
iswithin 20 GeV of the top-quark mass. The bottom two rows show the
statistical sensitivity for discovery and across section measurement, respec-
tively, given 110pb~tofdata . ... .. ... ... ... ... ... ...
Cross sections (fb) for single-top-quark production and a variety of back-
ground processes at Run 11 of the Fermilab Tevatron. The W-gluon-fusion
signal is denoted by tbj, and the s-channel by tb. Listed in parenthesis are
the cross sectionsfor eventsin which the reconstructed b¢ *v invariant mass
iswithin 20 GeV of the top-quark mass. The bottom two rows show the
statistical sensitivity for discovery and across section measurement, respec-

tively, given1fb~lofdata . . . ... ... ... ... ... ...,

68

74



45 Cross sections (fb) for single-top-quark production and a variety of back-
ground processes a the CERN LHC. TheW-gluon-fusionsignal is denoted
by tbj, and the s-channel by th. Listed in parenthesis are the cross sec-
tions for events in which the reconstructed bZ*v invariant mass is within
+20 GeV of the top-quark mass. The bottom two rows show the statisti-

cal sengitivity for discovery and a cross section measurement, respectively,

givenlfblofdata . ........... ... ..., 78
C.1 Coefficientsintheexpressonforh{(zA). . .. ...... .. .. ..... 114
C.2 Coefficientsintheexpressonforhd(zA). . .. ........ .. .. ... 115

Xi



List of Figures

21

22

2.3

24

25

SupersymmetricQCD Feynmanrules. . . . .. ... ... ... ......
Feynman diagrams for the one-loop SUSY QCD correction to top quark
production at the Tevatron. The first row contains the tree-level diagram.
The second row contains the vacuum polarization correction to the gluon
propagator due to squarksand gluinos. Thethird row containsthefinal state
vertex correction and wave-function renormalization diagrams. The fourth
row containstheinitial state vertex correction and wave-function renormal-
ization diagrams. The last row contains the box and crossed-box diagrams.
The vertices are labeled with w—z, and the color indices a—d are associated

with each particle’'smomentumfor the box diagram (&), and the crossed-box

Contribution of eachtermto the correctionfor pp — tt asafunction of Mg =
m, for Mg = 200GeV. . ..
The contribution of the box B and crossed-box C termsto the correction for
pp — tt as afunction of Mg = M, for mg = 200 GeV. The sum of the cor-

rectionsis shown for comparisonwithFig.24. . .. ... ... .. ....

Xii

22



2.6

2.7

2.8

29

2.10

211

212

31

Change in the cross section for pp — tt, as a function of gluino mass mg;,

for m = 175 GeV. Curves of constant degenerate squark mass mg = nmy are

Enlargement of the discontinuousregion of Fig. 2.6. Thechangeinthecross
section for pp — tt, as a function of gluino mass mg, for my = 175 GeV.
Curves of constant degenerate squark mass mg = ny areshown. . . . . . . .
Change in the cross section for pp — tt, as afunction of degenerate squark
mass mg = M, for m = 175 GeV. Curves of constant gluino mass mg are
Change inthe cross section for pp — tt, as afunction of heavy-squark mass
mg, for m = 175 GeV, and mg = 200 GeV. Curves of constant top-squark
massmyareshown. . ... . ... L
The relative change to the correction is shown as a function of top-squark
mass difference Amy = (my, — ny, ), for various m, and mixing angles 6,
withm = 175 GeV, and mg=200GeV. . . .................
Differential crosssection for pp — tt, asafunction of tt invariant mass My,
formy = 175 GeV. Figuresare shown for mg = 150, 175, 200, and 225 GeV.
Curves of constant degenerate squark mass mg = myareshown. . . . . . . .
Cutting the (&) gluino loop, or (b) squark loop, in the vacuum polarization

leadstoadispersonrelation. . . . .. ... ... .. ... L.

Single-top-quark production viaW-gluonfuson. . . ... ... ......

Xiii

33

34



3.2

3.3

34

35

3.6

3.7

3.8

(a) Leading-order process for single-top-quark production, using a b-quark
distribution function. (b) Correction to the leading-order process from an
initial gluon. (c) Subtracting the collinear region from (b), corresponding
to a gluon splitting into a bb pair. (b) and (c) taken together constitute a
correction of order 1/ In(m?/mg) to the leading-order processin (a). . . .. 44
Order a5 correction to the heavy-quark vertex in the leading-order process
gb — d't. (c) represents the subtraction of the collinear regionfrom (b). . . 44

Order as correction to the light-quark vertex in the leading-order process

Theratio of the b-quark distribution function to the gluon distribution func-

tion, times 211/ as(p?), versusthefactorization scale , for variousfixed val -

ues of X. The curves are approximately linear when | is plotted on a loga-
rithmic scale, indicating that b(x, pu2) O [as(1?) /2 In(u?/mg)g(x, 12), as
suggested by the approximationof EQ. (3.1). . . . . . ... ... ... ... 48
Next-to-next-to-leading-order contribution to single-top-quark production
viaW-gluonfusion. . . . . . . . . ... 50
Single-top-quark production viaW-gluon fusion from a structure-function

point of view. TheW boson initiates deep inel astic scattering on both hadrons. 52
Crosssection for single-top-quark productionviaW-gluonfusion at the Teva-

tron and the LHC for m = 175 GeV, versus the ratio of the factorization

scale Y to its natural value, 1 = 1/Q2+ m@. Both the leading-order and

next-to-leading-order cross sectionsareshown. . . . . . . ... ... ... 60

Xiv



39

41

4.2

4.3

4.4

4.5

4.6

4.7

Next-to-leading-order cross section for single-top-quark production viaW-

gluon fusion at the Tevatron and the LHC as afunction of the top-quark mass. 61

Feynman diagrams for single-top-quark production at hadron colliders: (@)
s-channel production, (b) t-channel production (W-gluon fusion), and (c)
associated productionwithaWboson. . . . . . ... ... ... .. .... 65
Transverse energy distributionsfor the spectator b anti quark (solidline), the
b quark from top-quark decays (dashed line), and the light-quark jet j (dot-

ted line), in single-top-quark production viaW-gluon fusion at the Fermilab

The bé*v invariant-mass distribution for single-top-quark production and
backgrounds at the Run 11 of the Fermilab Tevatron. The W-gluon-fusion
signal isdenoted by thj, and thes-channel by tb. . . . . . ... ...... 80
The bf™v invariant-mass distribution for single-top-quark production and

backgrounds at the CERN LHC. The W-gluon-fusion signal is denoted by

Required mistag rates for charm and the light-quark jets j in order to reach
adiscovery significance of 2.50, or 3o with datafrom Run | of the Fermilab
Tevalron. . . . . . . 83
Rapidity distributions for the identified jet j in W-gluon fusion (solid line)
and background events (dashed line) at the Fermilab Tevatron. . . . . . . . 86
Rapidity distributions for the identified jet j in W-gluon fusion (solid line)

and background events (dashed line) at the CERN LHC. . . . ... .. .. 87

XV



4.8 Normalized distributionsof reconstructed top-quark-masseventsversuscos(8 j+ ),
where8;,+ istheangle between the decay lepton, and the spectator jetinthe
top-quark rest frame for W-gluonfusion. The solid line shows events with-
out any cuts. Events which pass the detector cuts are shown with a dashed
line. The dotted line shows eventswhich passtheveto. . . . . ... .. .. 89

4.9 Normalized distributionsof W-gluonfusion, s-channel production, and back-
groundsversuscos(8,+ ), where8;,+ isthe angle between the decay lepton,
and the spectator jet in the top-quark rest frame. These plots are for recon-
structed top-quark-mass eventswhich passthe cutslisted in Table 4.2 in ad-

ditiontothejetveto. . .. ... ... ... . ... ... . 20

XVi



Chapter 1

| ntroduction

Our best understanding of the strong, weak, and el ectromagnetic forcesof Natureiscon-
tained in atheory called the standard model. Thistheory has been tested over alarge range
of energies, and has been found to provide accurate predictions for physical processes over
distance scales of several ordersof magnitude. One of these predictionswasthe existence of
anew particle, called the top quark. The top quark was discovered in 1995 by two separate
experimental collaborations at the Fermi National Accelerator Laboratory (Fermilab) [1,2].

According to the standard model, there arethree types of fundamental particles: |eptons,
quarks, and gaugebosons. Thereare six known leptons, whichare pairedintothreefamilies:

()G
e M T
These arethe el ectron (), muon (), tau (1), and their associated neutrinos (v). The leptons

interact through the electroweak force of Nature. The electric chargeis O for the neutrinos,

and —1 for the particlesin the lower half of the doublets above. There are also six known

() ) G)

These are called the up (u), down (d), charm (c), strange (s), top (t), and bottom (b). The

quarks, which are are paired:

1



electric chargeis +2/3 for the particles in the upper half of the doublets above, and —1/3
for the particlesin the lower half. The weak force mixes these particle states through the
Cabibbo-K obayashi-Maskawa (CKM) matrix [ 3]. The quarksalso haveacolor charge quan-
tum number associated with the strong force. The leptons and quarks are fermions, which
have half-integer spin quantum number and obey Fermi-Dirac statistics.

The gauge bosons are the mediators of the forces of Nature. They have integer spin
guantum number and obey Bose-Einstein statistics. The gluon (g) mediatesthe strong force.
TheW, W—, and Z° are associated with the wesk force. The photon (y) carriesthe electro-
magnetic force. These forces are described by a SJ(3)c x SJ(2). x U(1)y gauge theory,
where the SJ(3)c Lie algebra describes the strong force interactions of quantum chromo-
dynamics (QCD), and the weak and el ectromagnetic forces are unified into an el ectroweak
force, described by the SU(2), x U(1)y Lie agebra. The standard model describes how
the U (2), x U(1)y symmetry of the theory breaks down into the weak force, and quantum
electrodynamics (QED).

The fermions are massless until electroweak symmetry breaking occurs. The standard
model postulates that fermions acquire a mass proportional to their Yukawa couplings to
another fundamental boson, called the Higgs (H). As of yet, there is no evidence for the
existence of the Higgs boson. However, the most massive particles would interact the most
strongly with aHiggs. Hence, studying the interactions of the most massive particles may
provide awindow into this area of physics.

Now that the top quark has been discovered, its properties are being accurately mea-
sured. The cross section for top-quark pair production has been measured to +25%, and

themassto +3% [4]. Run Il at the Fermilab Tevatron, and experiments at the CERN Large



Hadron Collider (LHC), will measurethetop-quark cross section to 6%, and the top-quark
mass to +2 GeV [5].1 The current world-averaged value for the top-quark mass is my =
174.1+ 5.4 GeV [6]. The Yukawa coupling Y; = m(2v/2G¢)*? is 1.0 given the current
central value of the top-quark mass. Thisisahint that new physics may couple strongly to
the top quark.

The purpose of this thesis is to examine the use of measurements of the properties of
the top-quark to test the standard model of physics. A compelling hypothesis for physics
beyond the standard model is provided by adding a symmetry to the theory called super-
symmetry. At hadron colliders, top-quark pairs are produced viathe strong force. In Chap-
ter 2[7], we present a study of how supersymmetric correctionsto QCD would affect thett
production cross section. Single-top-quark production proceeds viathe charged weak inter-
action. Becauseit hasthe largest cross section, most single-top-quark events at the Fermilab
Tevatron, and the CERN LHC, will be produced viaW-gluon fusion. In order to normal-
ize the data, we present the first complete and correct calculation of the next-to-leading-
order (NLO) cross section for single-top-production via W-gluon fusion in Chapter 3 [8].
In order to extract the properties of the top quark from single-top-quark production, exper-
imenters will have to do an accurate analysis of their detector acceptances, and the back-
grounds. Chapter 4 [9] describes an improved method for the detection of these single-top-
quark events. We discuss the theoretical issues that must be addressed, and give an indica-
tion of how well the electroweak properties of the top quark can be measured. Some of the
most important results in particle physics in the next decade may come from these studies

of the properties of the top quark.

INote that here, and throughout the rest of thisthesis, wework in unitswhereh'= 1, and c = 1.



1.1 Supersymmetric extensionsof the standard model

Despiteitsremarkabl e success, the standard model isgenerally not considered to bevery
satisfying. The model contains eighteen free parameters that comprise masses, mixing an-
gles, and coupling constants. The drive to reduce the number of free parameters, and the
observation that the coupling constants almost meet when their values are run to near the
Planck scale, has led to the introduction of many extensions to the standard model. One of
these classes of modelsis supersymmetry (SUSY). The symmetry of supersymmetry asso-
ciates fermionic and bosonic degrees of freedom. Though this may seem to be relating two
fundamentally different types of fields, very nice properties emerge in a supersymmetric
world (or in one where SUSY is softly broken).

The standard model postul ates that electroweak symmetry breaking occurs when afun-
damental scalar doublet obtains a vacuum expectation value (vev) v via the Higgs mecha-
nism. Supersymmetry modifiesthis model dightly by adding at least one more Higgs dou-
blet, and the associated fermionic partners. While at first this may seem to be astep in the
wrong direction, investigating the SUSY Higgs sector provides many of the reasonsto take
supersymmetry serioudy. Two of the more compelling reasons are that supersymmetry can
provide solutionsto the “gauge hierarchy” and “naturalness’ problemsthat plague the stan-
dard model.

In the standard model, the electroweak scale is characterized by the mass of the weak
particles, namely my of O(100 GeV). If the gauge symmetries SJ(3)c x J(2). x U(1)y
are unified, this will occur at some scale My on the order of 10°-101° GeV, the GUT or

Planck scale. The “hierarchy” problem consists of two parts. Thefirst isthat at treelevel it



is expected that the ratio of the vev v to the breaking scale My should be on the order of 1,
specifically Cv/My = 1 for some constant C. Of course the Z boson massis on the order of
v, so thisimpliesthat C must be enormousfor the Higgs mechanism to still apply. Why this
constant isso largerather than equal to oneisunexplained. The next questionto ariseishow
to stabilize this ratio against large radiative corrections. This is the “fine-tuning” problem
of how to consistently alter C at every order in perturbation theory.

In specific modelsof supersymmetry both of these questionsare addressed naturally, but
the technical question of how to keep v < My isanswered in al reasonable SUSY models.
The Higgs mechanism occurs at tree level in a SUSY theory, and thusvisof O(Mgysy). It
was proven by Witten [10] that if supersymmetry is not broken at the tree level, then it is
not broken at any order in perturbation theory. Hence perturbative radiative correctionswill
not spoil the tree-level hierarchy of scales (i.e. v remains of O(Mgysy)). Supersymmetry
must be broken, but this is achieved through non-perturbative effects that leave the tree-
level result unbroken. When soft SUSY breaking occurs at ascale Mgysy = 10°-10° GeV,
the applicableratio is Cv/Mg sy = 1, and C is of O(1). The non-perturbative mechanism
that produces this breaking scale is yet to be explained, and is awell motivated subject for
it own reasons.?

One of the original motivations for investigating supersymmetry was its solution to the
“naturalness’ problem. The standard model has three types of particles. fermions, gauge
bosons, and Higgs-like scalars. The fermions are naturally light because their masses are
protected by achiral symmetry. The gauge bosons are light because of their gauge symme-

tries. The scalars, however, do not have any associated symmetry, and so their renormalized

2Most models of SUSY breaking also produce a relationship to gravity.



masses tend to be large. Therefore alight Higgsis unnatural .® Explicitly, m% = mj + dn¥,

diverges quadraticaly, where 6ma is due to the self-coupling loop in the scalar propagator.
A dik
Mg, ~ / A2 13

Supersymmetry adds a fermionic partner H whose massis degenerate with my. Therefore

there is also a contribution due to the fermion loop of

A dk ,
o= T | e )~ o

that cancels the scalar piece.* In unbroken supersymmetry this cancelation is exact, and the
mass of the fundamental scalarsis not renormalized. Softly breaking supersymmetry splits
the masses of the particlesand their superpartners, but the quadratic divergences till cancel.
The bare mass my is small, and the renormalized massis of O(Mgysy), or about 1 TeV.

Degspite sufficient theoretical motivation, contact with experiment must still be made if
supersymmetry is to be anything more than atoy model. Unfortunately, there are over 100
free parameters in the most general supersymmetric theory. Therefore, in order to attain
any sort of predictive power, certain constraints are generally placed on the model s studied.
The most practical model isthe minimal supersymmetric standard model (MSSM). Thisis
adirect supersymmetrization of the standard model.

The particle spectrum of the MSSM containsthreegenerationsof chiral quark and lepton
superfields, the vector superfields for the U (3)c x SJ(2). x U(1)y gauge group, and two

chiral Higgs doublet superfields.® An added assumption of unification at some scale My is

3Thet' Hooft definition of “natural” isthat if taking the mass of a particleto zero increases the symmetry
of the Lagrangian, itis“natura” for the particleto be light.

4The minus sign isfor the closed fermion loop. The exact details depend on the interaction terms from a
particular model’s superpotential .

5Two doublets are needed to cancel the hypercharge anomalies between the higgsinos, and to give masses
to both up and down type fermions. The later arises because the Lagrangian may not be constructed out of
conjugate fields.



generaly included. Thisforcesthe masses of the scalar-quarks (squarks) and scalar-leptons
(sleptons), and the gauge partners (gauginos) to attain masses of mg and my /,, respectively,
at theunificationscale. Thisalsofixesthebilinear and trilinear breaking coefficientsto some
unified values[11]. Likewise, gauge unificationisassumed at My ~ 10'® GeV, and thisoc-
curs generally aslong as mg and my /, do not exceed ~10 TeV. Finally, R-parity is assumed
to be conserved, which implies sparticles are produced in pairs. Thisforcesthe lightest su-

persymmetric particle (LSP) to be stable.

1.1.1 Direct searchesfor supersymmetry

Assumptions about unification are useful for symmetry breaking arguments, but the low
energy phenomenology beckons for more directly observable quantities. As such, the pa-
rameters of the MSSM are usually chosen to be: the top squark and gluino masses, theratio
of the vev's of the two Higgs doubletstanf = v, /vy, the Higgs mass parameter |, and the
charged Higgs mass. The LSP isalmost aways considered to be the lightest neutralino xg,
which isamixture of mostly photino and some higgsino. Table 1.1 lists the spectrum of the
MSSM in terms of both mass and interaction eigenstates.

Direct experimental limits on supersymmetry are mostly based on datafrom the CERN
ete™ collider LEP and the Fermilab Tevatron. Searches for supersymmetry are generally
performed separately for top squarkst, the light-quark superpartners @, and gluinos §. This
ismotivated by theminimal supergravity modelswhich arguethat all scalar particlesacquire
amass on the order of the SUSY breaking scale (see Sec. 1.1 and [13, 14]). A heavy top-
guark loop dominates the running of the masses to low energies, forcing the mass of thetwo

top squarks below that of the rest of the squarks[11]. Additionally, mixing of the left-right



Table 1.1: The MSSM physical spectrum in terms of both mass eigenstates and in-
teraction elgenstates. The nomenclatureis chosen to be identical with that of Haber

and Kane [12].
Particles Wesak Interaction Mass Eigenstates
Eigenstates
Symbol Symbol | Name Symbol | Name
g= u,d,s qL,9r | scaar-quark 91,92 scalar-quark
c,b,t
f=e T 0, lr | scalar-lepton | £3,€, | scalar-lepton
V =Ve,Vy,Vr | V scalar-neutrino | v scalar-neutrino
g g gluino g gluino
W W wino
H Hy higgsino X12 charginos
Hy H, higgsino
y y photino
70 Z zino Xi234 | Neutrainos
HY 7 higgsino
HY [ higgsino




Table1.2: Current experimental limitson superparticle massesfrom direct searches.

Sparticle | Limit Notes Source
t > 67GeV | Any 6;; Any decay ALEPH [16]
> 65 GeV channel OPAL [17]
>70GeV | Preliminary ALEPH [18]
Gl > 176 GeV | mg < 300 GeV; with | DO[19]
cascade decays
> 224 GeV | mg < my; with cascade | CDF [20]
decays
>74GeV | B(@—qgorgy)=1 | UA2[f]
>45GeV | Z—§q DELPHI [6]
] > 154 GeV | Any mg; with cascade | CDF [20]
> 144 GeV decays DO[19]

weak eigenstates of the top squarks may result in the top squark t, becoming the lightest
sguark [15]. The most recent experimental limits on the masses of the top-squark, thelight-
quark superpartners, and the gluino are presented in Table 1.2. Other regions of parameter
space have been eliminated [21,22], but these limitsare highly model dependent [14]. Fur-
ther constraints on the mass spectrum are derived from cosmological considerations and
indirect searches, such as By-Bo mixing [23].

The limitsin Table 1.2 are currently the least model dependent results available. How-
ever, the remaining assumptions do leave room for the limits to be relaxed [24]. The most
important assumption in these searches is a value for tan3. Thisratio is between 2 and

my/my, ~ 35,6 and is usually chosen to be between 2 and 4 at hadron colliders. It was shown

6See Drees and Martin [11] for motivation of these limits.



[25] that the limits on the gluino G, “heavy squark” @, and other superparticle masses are
far less stringent for values of tan3 = 2 than for tan3 = 30. This is an important point
since we must choose appropriate valuesfor the massesin Chapter 2. Since our calculation
does not depend on tan3, and in order to alow for the widest range of allowed parameter
space, we use the most conservative limits of m;, mz > 50 GeV from the lepton colliders,
and mg > 150 GeV.

The next generation of accel erators should cover alarge region of the allowed supersym-
metry parameter space. The potential for discovery of Higgs bosonsand the el ectroweak su-
perpartners (charginos, neutralinos, and septons) isgreatest at e e~ colliders. For charged
particles, limits may be placed on the masses at roughly 1/s/2 minus a few percent from
threshold effects. A Higgs can be discovered up to amass of roughly /s— 100 GeV. Most
gparticles are expected to have masses below 1 TeV, but the unification bound only neces-
sitates that they be less than ~10 TeV. One notable exception is the lightest Higgs h® which
cannot exceed ~125 GeV.’ If no Higgs is found below ~150 GeV, supersymmetry will ei-
ther haveto be abandoned or somenew physicswill haveto occur between the SUSY break-
ing scale and the GUT scale.

Whilethe extraction of SUSY parametersis more model dependent at hadron colliders,
they are more suited to the search for squarks and gluinos because of the high masses of
colored superpartners and their strong coupling [26]. Exhaustive direct searches will reach
300 GeV for gluinosand 100 GeV for top squarks with 10 fb~1 of data at the Tevatron [5].
The chargino/neutralino reach is 150-250 GeV [25]. Until the advent of the CERN Large

Hadron Collider, the presence of heavier SUSY particles will only be suggested by their

"Preliminary ALEPH results from the 183 GeV run a LEP indicate mo > 64.5 GeV [18].
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effects on standard model processes.

1.1.2 Anindirect search for supersymmetry viatop-quark
production

Given the model dependence and other limitationsof doing afull direct search at current
energies, another approach to observing supersymmetry isdesirable. One approachisto see
how quantum corrections due to superparticles change the standard model predictions. The
largest correctionswould be expected to arise in the strong force since its coupling constant
at low energiesisthe highest. Measuring cross sections of strong processes might therefore
yield some interesting results.

Heavy scalar propagators tend to suppress radiative corrections by the square of the
scalar mass. Since the top squarks are expected to be the lightest squarks, we expect the
top-quark cross section to exhibit the largest supersymmetric corrections. (Prospects for
observing this are explored in detail in Chapter 2.) In contrast to the direct searches for su-
persymmetry of Sec. 1.1.1, the model dependence of these correctionsis greatly reduced.
Noneof the assumptionsabout SUSY breaking, or unification, or values of tan[3 are needed.
If R-parity isconserved, only the physical masses of the top squarks, the heavy squarks, and
the gluinos, and the mixing for the top squarks and the heavy squarks are required. This
leaves seven parameters, not dozens, to describe al of the SUSY QCD enhancement to the

tt cross section.
1.2 Single-top-quark production

Single-top-quark production provides a unique opportunity to study the charged-current

weak-interactionsof thetop quark. Within thestandard model, this process providesthe best
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direct measurement of the Cabibbo-Kobayashi-Maskawa matrix element Vi,. The spin of
thetop quark can be measured viaitsdecay products, and compared with the standard model
prediction. Beyond the standard model, thisprocessis sensitive to fourth generation quarks,
new top-quark decay channels, supersymmetry, technicolor, effective V + A interactions,
and more (see e.g. [27-39]).

The only diagonal Cabibbo-K obayashi-Maskawa (CKM) matrix element which has not
been measured directly is Vy,. Despite this, in the context of three generations, Vi, is the
most constrained CKM element. The 90% confidence level constraint 0.9991 < |Vy| <
0.9994 istheresult of thesmall valuesof |V | and |Vp|, combined with the unitarity require-
ment V|2 + [Vep|2+ [Vip|? = 1[6]. Limitsfromindirect measurements are currently much
weaker. CLEO measurementsof By—Bg mixing place athree generation limit of [Vy,| > 0.76,
assuming that no new physics occurs[6].

If the possibility of new physicsat theWtb vertex is considered, then the lower limit on
|Vip| from unitarity isrelaxed, and |V;p| becomes almost entirely unconstrained, 0 < |Vyp| <
0.9994[6]. A directmeasurement of |V, | canthereforeexplorethe possibility of new physics
(e.g. afourth generation). Furthermore, ameasurement of [Vip|? > 0.5will confirm that the
quark recently discovered at the Tevatron isindeed the SU(2) partner of the bottom quark.

Thefirst analysis of V;p,, done by CDF, focused on tt pairs, since they dominate the top-
quark datasample. Intt production, [Vi,| determinesthe branching fraction B of top quarks
which decay into bottom quarks (t — Whb) compared with other kinematically-allowed quark

decays (t — W0):

B= Vip|?
V|2 + Ms|? + [Vip|?

(15)

The current result from CDF is B = 0.94 4 0.27(stat) 4+ 0.13(syst) [36]. Unitarity of the
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CKM matrix requiresthat the denominator belessthan or equal to oneevenif therearemore
than three generations. Therefore the CDF measurement of B provides an upper bound on
Vip Of [Vip|2 < B. If B is measured to be a bit less than one this would be amajor discovery,
since three generation unitarity requires |Vip| > 0.9991. However, if B is measured to be
consistent with one, Vi, remains unconstrained, and could be significantly less than one.

Since the measured branching fraction in tt production is really a ratio of double b-
tagged events to single b-tagged events, it is possible that new physics might mimic both
signals, removing the sensitivity of B to V;y,. It has been shown that supersymmetric pro-
duction of top squarks, and decays of (t — 1), can pass the top-quark analysis[37]. Inthis
case, the measured branching fraction may not be used to extract |V, evenif thereareonly
three generations.

The non-exotic case of afourth generation poses aclearer problemwith using tt produc-
tion to extract |Vip|. In this case, unitarity implies [Vig|? + [Vis|? + [Vip|? + [Vip |2 = 1, and
the denominator of B can be anything less than one. Thus, if [Vip| < 1, and Vig,Mis < 1, B
will be one and provide no information about V. Thisisfamiliar from b physics wherethe
branching ratio B(b — c) ~ 1, even though V¢, < 1. It isthereforeimportant to study other
processes which can provide additional information on |Vyp|.

Single-top-quark production is the best process for measuring |V;p| @ hadron colliders.
The production cross section is proportional to |Vip|? and therefore provides a direct mea-
surement of |V;p|. Experiments actually measure o(t) x B(t — Wb). Since the branching
ratio isat most 1.0, measuring o(t) x B(t — Wb) provides alower bound on |Vy|.

This lower bound can be improved to an equality by combining information from tt

production and single-top-quark events. The tt cross-section experiments really measure
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o(tt) x B?(t — Wh). The branching ratio B(t — Wb) can be extracted by comparing the
calculated cross section with the observed cross section. Then this branching ratio can be
input into the single-top-quark analysis to obtain a direct measurement of |Vyy|. In addition
to strengthening the lower bound to an equality, this combination tendsto reduce systematic
effects, such as uncertaintiesin the luminosity and the top-quark mass.

In order to perform the analyses required to extract information from single-top-quark
production, the experimenterswill need to have accurate cal culations of the cross sections.
There are three modes of single-top-quark production (these are shown in Fig. 4.1). The
cross section for s-channel production is known to +6% [38], but only produces 25% of
the events at the Fermilab Tevatron, and less than 4% at the CERN Large Hadron Collider
(LHC). The cross section for Wt production accounts for less than 4% of the events at the
Tevatron, and 20% at the LHC. Most single-top-quark events at both machines will come
fromW-gluon fusion. The LHC will measure the cross section to afew percent. Thusafull
next-to-leading-order (NLO) result with errors on the order of 5% is presented in Chap-
ter 3.

In addition to the experimental need for an accurate single-top-quark cross section, W-
gluon fusion providesawealth of theoretical challengesthat we addressin Chapter 3. Inthe
calculation itself, large logarithms of order In(mé/ mﬁ) appear at every order in perturbation
theory. The resolution of this problem requires an investigation of factorization and parton
distribution functions. This leads to a reordering of perturbation theory, and two indepen-
dent types of corrections to the leading-order result of order as and 1/ In(m¢/ng).

Factorizing the W-gluon fusion cross section introduces two factorization scales into

the problem. At NLO, color conservation forbids strong interactions between the incom-
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ing gluon line and the light-quark that emits the W. Thus the problem reduces to one of
double deep-inelastic scattering (double DIS). Large logarithms are resummed in the fac-
torization process, and set the factorization scale i in DIS for each incoming parton. This
scaleis p? = Q2 4 g, where Q? is the virtuality of theW, and mg is the mass of the final
state quark. Hence, for a light quark final state, the scale is the usua DIS scale u? = Q2.
However, for atop-quark final state, the natural scaleis u? = Q? + n¢.

Measurement of the single-top-quark cross sections requires accurate analyses of the
experimental acceptances and backgrounds to each process. The rate to produce one top
quark isroughly half of thett productionrate. Sinceboth processes give areconstructed top-
quark mass, we must cut out tt events that mimic single top-quark production. In Ref. [5]
an analysis was presented that estimated how well the W-gluon fusion cross section can be
extracted from data at Run Il of the Fermilab Tevatron. In Chapter 4 we improve on this
analysis by scaling the signal to the full NLO cross section calculated in Chapter 3, and
extending the analysis to the LHC. The large logarithms In(m? /m2) mentioned above also
affect thiscalculation. Thuswediscussthe correct way to integrateover the problemregion,
and incorporate the NLO result. We discuss the tenability for discovering single-top-quark
production at Run | of the Tevatron. We also determine how accurately the CKM matrix
element V;;, can be directly measured at Run I, and the LHC.

Dueto theV — A nature of the electroweak force, the top quark in single-top-quark pro-
duction is produced with a 100% polarization in the direction of the d-type quark in the
event [39]. Sincethe top quark decays beforeif hadronizes[40], this polarization informa-
tion is transferred to the top-quark decay products [41]. If there is any new physics that

produces an effectiveV + A interaction at the Wtb vertex, the polarization in this basis will
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be reduced proportional to the strength of the new interaction. Hence, a measurement of the
distribution of these particles could be a window into new physics. We suggest a method

for extracting this polarization from the data, and estimate how well it can be measured.
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Chapter 2

Supersymmetric QCD correction to
top-quark production at the Fermilab
Tevatron

The discovery of the top quark [2] provides a unigque opportunity to search for effects
beyond the standard model. The top quark mass my = 174.14+ 5.4 GeV has been measured
to 3%, and the cross section has been measured to ~ 25%4,6]. With the copiousproduction
of top quarksin Run |1 of the Fermilab Tevatron and future upgrades, the cross section will
be measured to within 6% with 10 fb~! of data [5]. Comparison of the theoretical tt cross
section to that measured will test the standard model and may indicate the presence of new
physics.

Supersymmetry isapromising candidate for new physics. Currently, only lower bounds
on the masses of the superpartners have been set (see Sec. 1.1.1). Barring discovery, direct
searches for supersymmetry (SUSY) will eliminate a small range of parameter space, since
these searches depend strongly on the modeling of the decays of the supersymmetric parti-
cles[14]. Incontrast, some effects of virtual supersymmetry areless model dependent, thus
extending the reach of experiment. If virtual SUSY effects arefound to belarge enough, an

indirect search may provide thefirst sign of supersymmetry. In this chapter we present the
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supersymmetric QCD correction to tt production at the Fermilab Tevatron.

The next-to-leading-order (NLO) QCD cross section for tt production with resummed
gluon emission at a+/S= 2 TeV ppcollider has been calculated [42]. The dominant mecha-
nism of top-quark production at the Tevatron isgq annihilation. It isexpected that the dom-
inant SUSY contribution to top-quark production will be in the form of QCD corrections
to this process. We consider the SUSY correction to the cross section as a correction to the
dominant process as shown in Fig. 2.2.

The calculation of the supersymmetric correction to top-quark production is different
from typical SUSY calculations in that the number of assumptions about supersymmetry
necessary to predict phenomenologically interesting resultsis minimal. It is assumed that
R-parity is conserved so that the interaction terms in the Lagrangian are the smple super-
symmetrization of the standard model interactions. No assumptions about the mechanism
of SUSY breaking or of unification arerequired. Inastrong-interaction process, the correc-
tion depends only on the observed masses of the gluino and squarks, and the mixing angle
that relates the squark mass eigenstates to their interaction eigenstates. For the purpose of
this calculation, and in order to cover the greatest range of models, we treat top squarks
t separately from the light-quark superpartners §. We present analytic and numerical re-
sults for degenerate squark masses, and for the case where the top squarks are light com-
pared to the light-quark superpartners, the “heavy squarks’. Results for my, mg > 50 GeV,
mg > 150 GeV, and arbitrary left-right mixing of the squarks are presented.

The SUSY QCD correction to top-quark productionin et e~ annihilation was first stud-
ied in Ref. [43]. The correction in pp annihilation has been presented in Refs. [44-46] for

the case of degenerate squark masses. The calculations of Refs. [44,45] neglect the contri-
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bution of the vacuum polarization and the crossed-box diagram, which arises because the
gluinoisaMagjoranaparticle. In addition, Ref. [45] assumes that the box contribution may
be ignored. We find that these contributions are numerically significant, as demonstrated
in Sec. 2.2.1. Our results are numerically comparable to Ref. [46], however thereisan im-
portant sign discrepancy between the two box terms that we discussin Sec. 2.1. Thereaso
appears to be a misprint in the analytic results of that paper that we describe at the end of
Appendix A. We provideacomplete cal cul ation of the SUSY correctionto the cross section
for arbitrary masses and top-squark mixing, and discuss the phenomenol ogical significance
of the result. In addition, we discuss the tenability of finding SUSY thresholdsin tt invari-
ant mass distributions. Finally we address the issue of parity violation in a supersymmetric
strong force.

This chapter is organized as follows. In Sec. 2.1, we present the analytic form of the
O(as) SUSY QCD correction to the pp — tt cross section. In Sec. 2.2.1, we remark on the
relative size of thetermsin the correction. We present numerical resultsfor the correctionto
the pp — tt crosssectionin Sec. 2.2.2. In Sec. 2.2.3, we show tt invariant mass distributions
for several choices of gluino mass. We discuss the size of the strong force parity-violating
left-right asymmetry in Sec. 2.2.4. Conclusions are presented in Sec. 2.3. We present an-
alytic expressions for the vacuum, vertex and box termsin Appendix A, and Fortran code

used in the numerical evaluationsin Appendix B.

2.1 Analytic Supersymmetric QCD Correction

Supersymmetry replaces the fields in the QCD Lagrangian with sets of superfields. In
softly broken supersymmetry, thisleadsto additional interactions between the particles and
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their superpartners. These new interactionsprovidevirtual correctionsto the top-quark pro-
duction cross section.
The supersymmetric Feynman rules used in the calculation are derived from the La-

grangian [12],
L= —igAT(TY G,
0T Vg
+ gg (TATB)abAﬁA“B [?iﬁ;am + GradRo
— V29T | GaPRG Gt — CaPL TG+ § PO — § PrCbra) » (2)

where P = (1—vs)/2, Pk = (1 +V5)/2, gs is the strong coupling constant, TA are SJ(3)
color generators, a, b, ¢ are colors, and Ay, isthe field for the gluon g. Figure 2.1 lists the
Feynman rulesfor the particle-sparticle interaction vertices. The direction of particle flow
isindicated via arrows for the fermions. In al cases, the momentum is assumed to be in
the direction of the arrows as well. The rules are shown for the physically-relevant mass
eigenstates of the squarks rather than the interaction eigenstates. Mixing of the squarksis
thereforeexplicit and parameterized by mixing angles 6; and 85 for thetop squarks and light-

quark superpartners, respectively:
t. cos: siné: 1
i e (22)
to —sinG;  cosB; tr
a1 cosfg sinbg qL
qo —sinBg cosby aRr .
The one-loop supersymmetric QCD contribution to the qq — tt cross section at lead-
ing order in s is attributed to the cross term in the matrix element between the tree-level

diagram and the one-loop diagrams presented in Fig. 2.2. The general form of the vertex
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Figure 2.1: Supersymmetric QCD Feynman rules.
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Figure2.2: Feynman diagramsfor the one-loop SUSY QCD correctionto top quark
production at the Tevatron. The first row contains the tree-level diagram. The sec-
ond row contains the vacuum polarization correction to the gluon propagator due
to squarks and gluinos. The third row contains the final state vertex correction and
wave-function renormalization diagrams. The fourth row contains the initial state
vertex correction and wave-function renormalization diagrams. The last row con-
tains the box and crossed-box diagrams.
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corrections, consistent with current conservation, is

i p1)T*MV(p2) = —igs [U_( P TAV(p2)

, (23

_ Z_:T W p)TA [Vy“ + St - ph)/mg AV - 2mqq“)y5] v(p2)

where p; and p, arethemomentaof thequark and antiquark, g= p; + p2,andV, S andAare
the vector, scalar, and anapole form factors, respectively. The analyticformsof V, S A, the
gluon vacuum polarization ', and the corrections due to the box and crossed-box diagrams,
B and C, aregivenin Appendix A. The anapoleterm A does not contributeto thetotal cross
section at this order in the expansion. It isused in Sec. 2.2.4, however, in determining the
parity-violating left-right asymmetry due to the squark mixing. The Dirac algebraand loop
integrals were evaluated using dimensional regularization. The analytic cross section was
derived in the modified minimal subtraction (MS) renormalization scheme.

The spin- and color-averaged parton-level differential cross section is given by

dz ~ 32m

(2.4)

)

where z is the cosine of the angle between the incoming quark and the top quark, /8 is
the parton center-of-momentum energy, and 3 = 4/1— 4m¢/S. The Born matrix element
sguared is given by

3212042

[Mo|? = ==5=[2—B(1- 2] (25)

Integrating over —1 < z< 1 readily yields the Born-level cross section

2
6o="ToP (1 7/3). (26)

The correction arisesfrom the crossterm in the square of the amplitude. This correction
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is the sum of the terms:

a A

ReMgMn] = —2>[MolRell(8) ~N(0)], (27)
a

RelMgMy] = —2>|Mo|*RelV],

2ReMIMg] = %ﬁag(l—f)m[a,

3210 7 2
T . S ! <
2ReM{Mzox] = oz Re[gB—l- 30] .

We renormalize the vacuum polarization correction IM(S) so that it corresponds to the
known value of aginthe MS scheme at low energy. Thisis necessary, because perturbation
theory isinvalid at low S. Therefore, we explicitly employ adispersion relation to integrate
out the non-perturbative regime from the calculation [47].

The integration over phase space is trivial except for the box and crossed-box matrix
elements, B and C, which depend implicitly on z. The relative sign between the box and
crossed-box terms should be noted. The color factor associated with Cis —2/3. However,
Fermi statistics provides a non-trivia relative sign difference between the two diagrams.
The net result is that the two contributions constructively interfere. Eq. 2.7 reflectsthis ex-
plicitly as £B+ 4C. This disagrees with the calculation of Ref. [46], which claims that the
terms destructively interfere.

We should look carefully at the value of the sign between the box diagrams. When writ-
ing down the matrix element, the usual ruleisto oppose the direction of fermion flow when
ordering the spinors. The implementation is obvious for Dirac spinors, but the gluinos are
Majoranaparticles. Asmay be seenin Fig. 2.3, the direction of particle flow isnot clear in
the crossed-box diagram. Thisleavesasign ambiguity between the box and crossed-box di-

agrams. In order to determine the relative sign between the box and crossed-box diagrams,
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Figure 2.3: The vertices are labeled with w—z, and the color indices a—d are asso-
ciated with each particle’s momentum for the box diagram (a), and the crossed-box
diagram (b).

we must derive the matrix elements, Mg and Mc, from afield theoretic point of view.

The matrix elements for the box terms are constructed by placing copies of the quark-
sguark-gluino interaction terms from the Lagrangian between the initial and final states,
< P, P3| @nd |py, p2 >. We first evaluate the color terms for both diagrams.

Before writing down the color factors for the box diagrams, we will need

1
TH(TATETS) = ~Tr ({TA, TBITC 4+ [TA, TB]TC)

= (A1) (28)

The color factor from the tree-level diagramis (T<) 4, (T¢) 4o, Where a—d correspond to the
color indicesfor the momentain Fig. 2.3.

The color factor for the box diagram is (TATB) (TBTA),,. Therefore the total color
factor for Bis

Tr(TATBTO)Tr(TCTETA) = %(dABCdABCJrfABCfABC)

— 5/6+3/2=7/3. (2.9)

The color factor for the crossed-box diagram is (TATB) (TATB),,. Therefore the total

a:
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color factor for Cis

Tr(TATEBTO)Tr(TATBTC) = %(dAB%fABC)Z

= 5/6—-3/2=-2/3. (2.10)
The portion of the matrix element that depends on thefieldsis
i ~ ~ - A, ~ ~
< Pa, P3| [ti(PRtL - PLtR)ijng] ) [gk(PLtL - PRtR)k|tl] X
_ ~ ~ ~Al [FA, ~ ~ ~
[qm(PRQL - H_QR)mngn] y[go(H_QL - PRQR)opqp]W| P1, P2 >, (2.11)

wherewe use the labelsw, X, y, and z to denote the corresponding vertex (seeFig. 2.3). The
labels i—p keep track of the components of the non-commuting matrices.

In order to obtain the Dirac spinors and propagators, we contract the fields in the order
indicated by the lines below (from inside to out). The termsinvolving projection operators

are abbreviated by the first piece. For the box diagram,

-1

T | ] | — ]
< Pa, p3| [fi(PRAt'L)ijgj] x [ék( H_?L)kﬂl] z[qm( PRaL)mngn] y[éo(PLEL)opr] W| P1, P2 > .

(2.12)
If we denote the momentum of the gluino by p, we find for the contraction of two Ma-

joranafermions,
Galb = (P+Mg)ap (213)
Ja0r = —(P+Mg)aC,
G0 = CH(P+My)ap

where C is the charge conjugation matrix satisfying [12]

ct = c1, (2.14)
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c' = —C,
circ = r' forri=1,i
i = i = ;VS;VuVS;

1
CTINC = —IT,forMi =y, 0m = Silviuwl
The field component of the box matrix element is

Mg ~ —1 x Tg(PrEL)( B+ My PLGL) UrV2(PraL ) ( B+ Mg)y(PLEL)Va - (2.15)

For the crossed-box diagram,

G | | i% —
< P4, P3| [fi(PR?L)ijgj]X[ﬁk(PL?L)kltl]z[qm(PR?iL)mngn]y[éo(PLaL)opr]W|pl, p2> .

(2.16)

We must choose which order to write down §,g,. In order for the matrix multiplication to
line up in the matrix element, we must choose §,d, Which gives an overall +1 sign from

ordering the fields. The field component of the crossed-box matrix element is

Mc ~ +1 x Ug(PriL)(— B— Mg),, C(PRAL) 'VaUT (PLGL) TCTH( B+ M) PLELVA - (2.17)

Combining the color and Fermi statistics results, we see that the overall sign between
the matrix elements is the same. If we multiply both matrix elements by the propagators
for the scalar particles, and use the correct momentafor the gluinos, we may reproduce the
full matrix elements. After crossing in the fields from the tree-level matrix element, we
reproduce the corrections B and C in Appendix A.!

We are now in aposition to calculate the total cross section. The total cross section for

top-quark production in pp annihilation is obtained by convolving the parton cross section

1Since the publication of these results, a paper has appeared that confirms the signs derived here[48].
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for annihilation into att final state with the parton distribution functions of the proton and

antiproton. The integral may be parameterized as

1 . —In(T)/Zd b n \/: 5 o \/: 018
O-ZAIT}Z/S m(TS)/m(T)/2 nP(v1e",v§)P(v/1e1,V8), (2.18)

where/S=2TeV, T = §/Sand P(xy, 1), P(xo, ) are the proton and antiproton parton dis-
tribution functions (PDF's).

In the following section, numerical results are presented for a top quark of mass m; =
175 GeV. Analytic expressions were reduced to scalar n-point integrals [49] and evaluated
with the aid of the code FF [50] in order to ensure numerical stability. For those cases that
FF does not handl e, the analytic solutionsto theintegral swere substituted. The Fortran code
that performsthese reductionsisin Appendix B. The integrals were evaluated using both
the MRS(A’) [51] and CTEQ3M [52] PDF's. The running of os was evaluated using two-
loop renormalization group equations [53] and fixed in the PDF'sin order to be consistent.
Nearly identical results were obtained using both sets, therefore, only the results obtained

using the MRS(A’) PDF's are presented.

2.2 Numerical results

2.2.1 Relativesizeof thecorrectionterms

In Fig. 2.4 we show the correction to the total cross section as a function of common
squark mass mg = My = M, for my = 200 GeV. The contribution of the vacuum, vector,
scalar, and box terms are shown separately. The full correction is also shown for compari-
son. The box diagrams give the largest contribution to the cross section for Mg < 110 GeV,
and are significant for mg < 400 GeV. Thisinvalidates the assumption of Ref. [45] that the
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Figure 2.4: Contribution of each term to the correction for pp — tt as afunction of
Mg = my, for mg = 200 GeV.

Figure 2.5: The contribution of the box B and crossed-box C termsto the correction
for pp — tt asafunction of Mg = My, for mg = 200 GeV. The sum of the corrections
is shown for comparison with Fig. 2.4.
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box terms may be neglected over therange of masses they investigated. Similarly it contra-
dictsthe conclusion of Ref. [46] that the contribution of the box termsissmall. Thevacuum
correction, that wasignored in Refs. [44,45], also playsan important role. The gluinoloops
in the vacuum polarization give a constant negative correction when the squarks decouple.
When mg = 1 TeV, the correction is seen to come almost entirely from the vacuum polar-
ization. The contribution of the scalar term Sis negligible. It first appears at this order in
thefinal state correction, and is suppressed relative to the other termsby a power of the top-
guark mass. The decoupling of the vector, scalar, and box termsis evident in Fig. 2.4, as
the corrections decrease when the squark mass increases.

The correction dueto the box B and crossed-box C termsis shown separately in Fig. 2.5.
The constructiveinterference between B and Cisclearly non-negligible. At Mg = 100 GeV,
Ref. [46] underestimates of the contribution of the box termsto the cross section by 1/2, by
assuming destructive interference. This explains the mis-statement that the box terms are

not important. Thetotal correctioninthat paper isthustoo small by 1/4 (a17.8% correction

to tt production instead of 24.4%).

2.2.2 ttcrosssection

The correction to the pp — tt cross section is shown in Fig. 2.6 as a function of the
gluino mass for a wide range of degenerate squark masses ms, where Mg = Mg = Nt As
expected from decoupling, the magnitude of the correction decreases as the squark mass
increases. Squarksof mass 50 GeV set therange of the correctionfrom —11.8% for agluino
of 150 GeV to +44% for agluino of 200 GeV. The correction changes sign asmg approaches

m. Thecorrection changesrapidly asthethreshold for gluino production movesthroughthe
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Figure2.6: Changein the cross section for pp — tt, asafunction of gluino mass mg,
for m = 175 GeV. Curves of constant degenerate squark mass mg = my are shown.

top-quark threshold. Notethat the correctionisvery slowly dependent on gluino masswhen
mg > 500 GeV. In this region, the correction is entirely dominated by the squark vacuum
terms and, to alesser extent, the box terms.

In Fig. 2.8 we show the correction to the total cross section as a function of degenerate
sguark mass Mg = Mg = Nt for several gluino masses. Once mg > 400 GeV, the correction
becomes small and the squarks effectively decouple. In thisregion, the correction is dom-
inated by the gluino vacuum terms. In Figs. 2.7 and 2.8 there is alarge jump in the cross
section when m¢ = g + mg. In Fig. 2.7, the correction is discontinuous a mg = 168 GeV
when ms = 50 GeV, and at myg = 158 GeV when mg = 75 GeV. In Fig. 2.8, the correc-
tion jumps from +6.5% to —9.3% for mg = 150 GeV, my = 90.1 GeV. These jumps corre-

spond to adiscontinuity intherea part of the Cq scalar loop-integral in the final-state vertex

correction [54]. Such a discontinuity arises when the anomal ous threshold crosses the real
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Figure 2.7: Enlargement of the discontinuous region of Fig. 2.6. The changein the
cross section for pp— tt, asafunction of gluino mass mg, for my = 175 GeV. Curves
of constant degenerate squark mass mg = my are shown.
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Figure 2.8: Change in the cross section for pp — tt, as a function of degenerate
squark mass mg = n, for m = 175 GeV. Curves of constant gluino mass mg are
shown.
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Figure 2.9: Change in the cross section for pp — tt, as a function of heavy-squark
mass Mg, for m = 175 GeV, and mg = 200 GeV. Curves of constant top-squark mass
my are shown.

threshold for superpartner production in the complex S-plane [55].

Thelargest correction occurs when mg = 200 GeV. Thismassisused in Fig. 2.9 to show
the correction as a function of heavy-squark mass mg, for a variety of top-squark masses.
This figure demonstrates that the correction is mostly influenced by the mass of the top
squark. For example, the correctionis 21% for my = 50 GeV, and mg = 300 GeV; whereas
the correction is 16% for my = 300 GeV, and mg = 50 GeV. Even if the heavy squarks de-
couple, the correction remains significant as long as my < 150 GeV.

In general, the left and right elgenstates of the squarks receive different corrections to
their masses. This causesthe mass of Qg to belessthanthemassof Q. Top-squark masses
are more effected by renormalization group running than the heavy-squark masses, because

of the direct coupling of the top quark to the top squarks. Many analyses assume that the
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Figure 2.10: The relative change to the correction is shown as a function of top-
squark mass difference Amy = (m, — ny; ), for various m, and mixing angles 6,
with my = 175 GeV, and mg = 200 GeV.

only light squark is t1, and look for top quarks decaying into them [22]. In Fig. 2.10 we
show the ratio of the correction at Any = (m; — ;) to the correction at a common top-
squark mass Am; = 0, for mg = 200 GeV and mg = 300 GeV. The ratio does not change by
more than 2% for different values of mg. We present three mixing angles, 6; = 45°, 90°,
and 135° that define the extremes of the mixing dependence of the correction.

The form of the correction is a-+ bsin(26;), thus the contribution of any mixing angle
may be interpolated from the curves shown, where 8; = 90° is the central value. Note that

if 8; = 135°, then the correction is nearly independent of . . Thisis because the termsfor
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the left- and right-handed squarks enter with different signs in the Lagrangian (Eq. 2.1),
and t, = (t_ + tr)/V/2 (Eq. 2.3). Whereasif 6; = 90°, where the mass eigenstates are
the interaction eigenstates (t; = tr, t» = £), the correction is roughly split between the
two top squarks. To evaluate the correction for non-degenerate top-squark masses and top-
squark mixing, multiply the ratio from Fig. 2.10 by the correction from Figs. 2.8 or 2.9.
For example, the correction to top-quark production is 7.7 4 0.1%, when my, = 100 GeV,

m;, = 400 GeV, mg = 200 GeV, mg = 400 GeV, and 6; = 90°.

2.2.3 ttinvariant massdistributions

Since total cross section measurements are difficult to normalize, it is advantageous to
look for deviations from the line-shapes predicted by the standard model. A sampling of
the invariant mass of tt events provides another avenue to search for supersymmetry. In
Fig. 2.11 we show thetotal differential cross section as afunction of tt invariant mass My;
for gluinos of massmg = 150, 175, 200, and 225 GeV. Several choices of degenerate squark
mass M = Mg = N, are presented. By looking for an excess in the invariant mass distri-
bution, a gluino of mass between 175 GeV and 225 GeV may be observable.

There are two types of enhancement to the cross section that appear in Fig. 2.11. If
Mg ~ M, the maximum of the invariant mass distribution is shifted toward the common
threshold. Thiswould a so produce a steeper top-quark threshold regioninthedata. Anin-
tegrable singularity at the threshold for gluino pair production causes acusp a 2mg. We can
understand this singularity by looking at the gluino-loop contribution to the gluon vacuum
polarization. If we cut the fermionloop (see Fig. 2.12), adispersion relation relates the real

part of the vacuum polarization (s) to theimaginary part. This gives
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Figure2.11: Differential crosssection for pp — tt, asafunction of tt invariant mass
M, for m = 175 GeV. Figures are shown for mg = 150, 175, 200, and 225 GeV.
Curves of constant degenerate squark mass mg = my are shown.
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Figure 2.12: Cutting the (a) gluino loop, or (b) squark loop, in the vacuum polariza
tion leadsto a dispersion relation.

) BZ€+1
Rer(s) ~ 4mzds! T s

(2.19)

where B = (1—4m?/s)Y/2. The s-channel gluon has spin S= 1. Hence, to produce two
S=1/2dluinos, L = 0, and m = mg. Conservation of momentum tells us that s = Mtzt—.

Therefore,

@ (1—4mg/s)1/?
ReM(M2) ~ A s ( 5’—9'\"&—) . (2.20)
g

When M= 2myg, thislooks like

2 1
NAn%dd(g)l/z(s,_m%)l/z,

Rell(M3) (2.21)

whichisintegrable, but hasasingularity at thelower limit of integration. Sincetheequation
isintegrable, the value as a function of Mt is continuous. At threshold, however, thisterm
picks up negative contributions from the pole at s’ = Mtzt—. The total vacuum polarization
(and vertex corrections) will have a cusp at this point. The contribution due to the squarks
does not exhibit a cusp; since the squarks have spin S= 0, L = 1, and theintegrand isfinite
everywhere.

The largest cusp in Fig. 2.11 occurs when mg = 200 GeV, and mg = 50 GeV. The am-
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plitude of the cusp is 112% of the Standard Moddl differential cross section at this point.
Despite the large normalization, the cusp will sit on alarge continuum background. If we
assume purely statistical errors, this cusp would appear at the 3o level with 3 b~ of inte-

~ < 150 GeV.

grated luminosity. For mg ~ 200 GeV, the correction is most apparent for mg

If mg > 225 GeV, then even with light squarks, the correction will be difficult to observe.

2.2.4 Strong force parity violation

In the standard model, the top quark decays before its spin flips [40]. The helicity of
the top quark is reflected in the angular distribution of the decay products of the W boson
int — bW — b¢tv andt — bW — bdu decays. (See Ref. [41] for a detailed account of
the analyzing power of these decays) The gtt interaction term in the SUSY Lagrangian
treats left- and right-handed top squarks differently. Thisleads to the interesting possibility
of searching for parity violation in strong forceinteractions by analyzing the decay products
in top-quark production.

An asymmetry in the number of left and right-handed top quarks arisesin the production

cross section when the top squarks have different masses. This asymmetry is given by

2p%a3

AGp =06 —Or= 573

Re[A], (2.22)

where 0|, Or are the cross sections for the left and right helicities of the top quark. The
measured |eft-right asymmetry A isthe ratio of the integrated AG, to the total measured

Cross section
Aop _ NL—"R
Oror NL+nR’

AR= (2.23)

wheren,, ng arethe number of |eft and right-handed top quarksrespectively. Unfortunately,

38



we find that A r is aways less than 1% for any choice of the SUSY parameters. There-
fore, if supersymmetric parity violation in the strong force exists, it will be very difficult to

measure.2

2.3 Conclusions

The supersymmetric QCD correction to the top-quark cross section, as measured at the
Tevatron, has been calculated. We present analytic results for a minimal supersymmetric
model that depends only on the masses of the superpartners and their mixing. We obtain
numerical results for the total correction for all masses mg > 150 GeV, my > 50 GeV and
my > 50 GeV. The correction isfound to be large for gluino masses near 200 GeV. The cor-
rectionisgreater than +10% for mg= 200 GeV and mz = my < 190 GeV. If light top squarks
My < 150 GeV exist, then the correction should be observable with 10 fb~1 at the Tevatron
for mg < 400 GeV, even if the heavy squarks decouple. If al of the squarks remain light,
then the correction is significant even if the gluinos decouple. When considering a mass
splitting between the top squarks, the mixing angle 6; plays an important role. If 6; is near
45°, or 135°, then the correction isalmost entirely dependent on the mass of only one of the
top squarks.

Should the gluino mass turn out to be near the current experimental limits, agluino-pair
threshold may be found near the top-quark production threshold. The advantage of looking
for a cusp in the tt invariant mass distribution, is that the normalization of the top-quark
cross section is not necessarily alimiting factor. Detector resolution effects and smearings

will make this search very challenging. It is reasonable to expect that at least 10 fb~1 of

2Since the publication of theseresults, apaper has appeared which confirmsthat the parity violationarising
from the box diagramsis negligible compared with the vertex correction [48].

39



integrated luminosity would be required to find a cusp for the best case of mg = 200 GeV,
and mg < 150 GeV. Virtual SUSY thresholds are common in quark production [56]. A full
detector-based analysis of these threshold regions would help determine the experimental
significance of our results.

Parity violation in apurely strong force interaction arises in a supersymmetric standard
model because theleft- and right-handed top squarksinteract differently. Aslong asthetop-
squark masses are different, an asymmetry in the number of |eft and right-handed top quarks

will arise. Unfortunately, the effect is less than 1%, and will be very difficult to measure.
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Chapter 3

Single-top-quark production via
W-gluon fusion at next-to-leading order

Now that the existence of thetop quark isfirmly established [2], attention turnsto testing
its properties. A powerful probe of the charged-current weak interaction of the top quark
at hadron collidersis single-top-quark production. The two primary processes are quark-
antiquark annihilation viaavirtua s-channel W boson [57, 58] and W-gluon fusion, which
involves avirtual t-channel W boson (Fig. 3.1) [59-61]. Within the context of the standard
model, these processes provide a direct measurement of the Cabibbo-K obayashi-Maskawa
(CKM) matrix element Vi,. Beyond the standard model, they are sensitive to new physics
associated with the charged-current weak interaction of the top quark [27-34].

Both the precise measurement of V;, and theindirect detection of new physicsrequirean
accurate cal culation of the single-top-quark production cross section. The quark-antiquark-
annihilation cross section has been calculated at next-to-leading order in QCD, with athe-
oretical uncertainty of +6% [38]. The purpose of this chapter is to calculate the next-to-
leading-order correction to the W-gluon-fusion cross section.

A complete cal culation of the next-to-leading-order correctionto W-gluon fusion hasal-

ready been presented in theliterature [62]. However, we show that this calculationisincor-
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Figure 3.1: Single-top-quark production viaW-gluon fusion.

rect, due to the factorization scheme used to subtract collinear divergences. We argue that
the CTEQ b-quark distribution function used in that calculation [63], although nominally in
the deep-inel astic scattering (DI1S) scheme, isactually not compatiblewith that scheme, and
yields incorrect results. To avoid this problem, we perform our calculation entirely in the
modified minimal subtraction (MS) scheme [64]. Our numerical results differ significantly
from those of Ref. [62].

We make several other contributionsto the cal cul ation of the next-to-leading-order cor-

rection to the W-gluon-fusion process:

1. We show that there are two independent corrections, of order 1/ In(m?/mg) and as,
which are numerically comparable. The leading-order processisgb — g't, as shown
in Fig. 3.2(3). The 1/In(m?/m?) correction is associated with the diagramsin Figs.
3.2(b), 3.2(c), while the as correction arises from the diagramsin Figs. 3.3, 3.4. The
existence of a correction of order 1/In(u?/ m%) isageneric feature of calculationsin-
volving perturbatively-derived heavy-quark distribution functions at an energy scale

u large compared with the heavy-quark mass mq.
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2. We performthe calculation in asimple and systematic way using a structure-function
approach [65, 66]. This allows the calculation to be organized in a straightforward

manner, making use of its similarity with deep-inelastic scattering.

3. We carefully analyze the appropriate scale in the parton distribution functions. We
show that the correct scalein the light-quark distribution functionis p? = Q? (Q? is
the virtuality of the W boson), with essentialy no scale uncertainty. However, the

appropriate scale in the b-quark distribution function is p? ~ Q%+ n¥¢.

The chapter is organized asfollows. In Sec. 3.1 we show that the next-to-leading-order
corrections are of two types, 1/In(m?/ng) and as. We then argue that these corrections
are mogt reliably calculated in the MS factorization scheme. In Sec. 3.2 we introduce the
structure-function approach to cal culating these corrections. In Sec. 3.3 we give our numer-
ical resultsand draw conclusions. We giveresultsfor the Fermilab Tevatron pp collider for
v/S= 1.8 and 2 TeV, the CERN Large Hadron Collider (LHC), a pp collider with /S= 14
TeV, and the DESY ep collider HERA with /S = 314 GeV. The analytic expressions for

the next-to-leading-order structure functions are gathered in Appendix C.

3.1 Next-to-leading-order corrections

3.1.1 1/In(mg/mg) correction

The tree-level diagrams for W-gluon fusion are shown in Fig. 3.1. Since the b-quark
massis small compared with m, let usneglect it for the moment. If theb quark ismassless,
the first of these diagramsis singular when thefinal b quark is collinear with the incoming

gluon. This kinematic configuration corresponds to the incoming gluon splitting into areal
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Figure 3.2: (a) Leading-order process for single-top-quark production, using a b-
quark distribution function. (b) Correction to the leading-order process from an ini-
tial gluon. (c) Subtracting the collinear region from (b), corresponding to a gluon
splitting into a bb pair. (b) and (c) taken together constitute a correction of order
1/ In(m@/m2) to the leading-order processin (a).
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Figure 3.3: Order as correction to the heavy-quark vertex in the leading-order pro-
cessgb — d't. (C) represents the subtraction of the collinear region from (b).
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Figure3.4: Order as correctiontothelight-quark vertex in theleading-order process
gb — d't.
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bb pair. The propagator of the internal b quark in the diagram is therefore on-shell, and is
infinite.

In reality the b quark is not massless, and its mass regulates the collinear singularity
which existsin the massless case. The collinear singularity manifestsitself inthetotal cross
section asterms proportional to asInf(Q? + m¢)/mg] + O(as), where Q2 = —qg? isthevirtu-
ality of theW boson of four-momentum g. Sincethe virtuality of the W bosonis controlled
by the W propagator, Q? istypically less than or of order M\%\,. For readability, we write the
logarithm asIn(n¢/m?) in the following discussion (since m¢ > M3)), although we use the
exact expressionin all calculations.

Thetotal cross section for W-gluon fusion contains the logarithmically enhanced terms,
of order asIn(m?/m?), as well as terms of order as (both terms also carry afactor of a3,
which we suppress in the following discussion). Furthermore, logarithmically enhanced
terms, of order alIn"(m¢/ mﬁ) /n!, appear at every order in the perturbative expansion in
the strong coupling, dueto collinear emission of gluonsfrom theinternal b-quark propaga-
tor. Since the logarithm s large, asIn(m¢/ mﬁ) ~ 0.7-0.8, and the perturbation series does
not converge quickly. Thus it appears difficult to obtain a precise prediction for the total
Cross section.

Fortunately, thisdifficulty can be obviated. A formalism existsto sum the collinear log-
arithmsto all ordersin perturbation theory [67-69]. The coefficient of the logarithmically-
enhanced term is the Dokshitzer-Gribov-Lipatov-Altarelli-Paris (DGLAP) splitting func-
tion Pyg, which describes the splitting of agluoninto a bb pair. One can sum the logarithms
by introducing a b-quark distribution function b(x, 1?) and cal culating its evolution with p

(fromsomeinitia condition) viathe DGLAP equations. Thustheb-quark distribution func-
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tion can be regarded as adevice to sum the collinear logarithms. Sinceit is calculated from
the splitting of agluon into acollinear bb pair, it isintrinsically of order asIn(pu?/mg). We
elaborate on this point at the end of this section.

Once ab-quark distributionfunctionisintroduced, it changesthe way one orders pertur-
bation theory. The leading-order processis now gb — g't, shown in Fig. 3.2(a). Thiscross
section isof order asIn(m?/mg), due to the b-quark distribution function (1 ~ m). The W-
gluon-fusion process, shown in Fig. 3.2(b), contains terms of both order asIn(mg/mg) and
s, as discussed above. However, the logarithmically enhanced terms have been summed
into the b-quark distribution function and thus are already present in Fig. 3.2(a). Itisthere-
forenecessary to removethese termsfrom theW-gluonfusion processto avoid doubl e count-
ing. Thisis indicated schematically in Fig. 3.2(c); the double lines crossing the internal
b-quark propagator indicate that it is on-shell, which corresponds to the kinematic region
responsible for the large collinear logarithm [67-69].

After the subtraction of the terms of order asIn(m?/mg) in Fig. 3.2(b) by the termsin
Fig. 3.2(c), the remaining terms are of order as. Compared with the leading-order process
inFig. 3.2(a), thisis suppressed by afactor 1/ In(m2/mg2). Thusthe diagramsof Figs. 3.2(b)
and 3.2(c), taken together, correspond to a correction to the leading-order cross section of
1/ In(mé/mg), not of order as. Thisisan essential point which has been previously over-
looked.

This observation is generic to any process involving a perturbatively derived heavy-
quark distribution function in the region u? 3> mé,. For example, the cal culation analogous
tothediagramsinFigs. 3.2(b), 3.2(c) for charm production in neutral-current deep inelastic

scattering [69] corresponds to a correction of order 1/ In(Q?/mg) for Q2 > mg.
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Let us elaborate on our contention that the b-quark distribution function isintrinsically
of order agIn(p?/ mﬁ), rather than merely of order as. If one neglects gluon bremsstrahlung
and the scale dependence of the gluon distribution function and the strong coupling, one
can solve the DGLAP equation for the b-quark distribution function analytically [with the

initial condition b(x, u?) = 0 a u = my] [67—69]:

2y _ Os(H?) [ 12 /10'_2 X 2
b(X,U )_ oM In (n,% « Z qu(z)g(zau ) ) (31)
where the DGLAP splitting function is given by
1
Py(2) = 5[224' (1-2?. (32

Equation (3.1) shows that b(x, u?) is of order asIn(p?/mZ) compared with the gluon distri-
bution function. To support this, we show in Fig. 3.5 theratiob(x, 1?)/g(x, u?) x 21/as(p?)
asafunction of p for variousfixed values of x, using the CTEQ4M parton distribution func-
tions [70]. Note that x ~ m/+/S~ 0.1 at the Tevatron, and x ~ 0.01 at the LHC. The
curves are approximately linear when | is plotted on a logarithmic scale, indicating that
b(x, 12) O [as(12) /21 In(12/mE)g (X, 12).

The b-quark distribution function is on a different footing from the light-quark distri-
bution functions. The light-quark distribution functionsinvolve nonperturbative QCD, and
must be measured (or calculated nonperturbatively). The b-quark distribution function in-
volves energies of order m, and larger, so it can be calculated perturbatively; no measure-
ment is necessary. Given the gluon and light-quark distributions functions, perturbative

QCD makes a definite prediction for the b-quark distribution function.
3.1.2 agcorrection

There are aso bona fide a5 corrections to the leading-order process gb — q't. The di-
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Figure 3.5: The ratio of the b-quark distribution function to the gluon distribution
function, times 21/ as(pu?), versus the factorization scale y, for various fixed val-
ues of x. The curves are approximately linear when p is plotted on alogarithmic
scale, indicating that b(x, pu?) O [as(12) /21 In(p2/md)g(x, 42), as suggested by the
approximation of Eg. (3.1).

agram in Fig. 3.3(a) is such a correction; it is of order aZIn(n¢/m?) [including the factor
asIn(mé/mg) from the b-quark distribution function], so it is suppressed by a factor of as
with respect to the leading-order process.

The diagram of Fig. 3.3(b) contains terms of order a2 In?(m¢/mg) and a2 In(mg/mg).
Theformer termsarise from the collinear emission of the gluon, which givesriseto another
factor of In(mg/mg) (on top of the factor from the b-quark distribution function). Similar to
the discussion above, another power of this logarithm appears at every order in the strong
coupling, and summation is required to improve the convergence of perturbation theory.

The coefficient of thislogarithmically enhanced term is the DGLAP splitting function Py,
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which describes the splitting of a quark into a quark and a gluon. The collinear logarithms
are summed by adding another term, corresponding to gluon emission, to the DGLAP evo-
lution equation for the b-quark distribution function. Once thisis done, the collinear region
must be subtracted from Fig. 3.3(b); thisis shown schematically in Fig. 3.3(c). Theremain-
ingtermsareof order a2 In(m¢/mg), so they arebonafide as correctionsto theleading-order
process.

Finally, there are the corrections to the light-quark vertex in the leading-order process,
as shown in Fig. 3.4. These are adso bonafide as corrections. Figs. 3.4(a), 3.4(b) contain
collinear logarithms In(Q?/mg) (where my is a light-quark mass) which are absorbed by
the light-quark distribution functions in the usual way. Since the light-quark distribution

functionsare intrinsically of zeroth order in as, the remaining corrections are of order ds.

3.1.3 Higher orders

Consider the next-to-next-to-leading-order diagramin Fig. 3.6. Thisdiagram generates
terms of order a2In?(mé/mg), aZIn(m?/mg), and a2. The term of order a2In?(m¢/mg)
comes from the region in which the initial gluon splits into a collinear bb pair, and the b
quark subsequently radiates a collinear gluon. This term is summed by the leading-order
DGLAP equation, which sums al leading logarithms a2 In"(mé/mg)/n!, as discussed in
Sec. 3.1.1. Thusthistermisalready present in the leading-order diagram, Fig. 3.2(a).

The terms of order a2In(mZ/mg) come from two sources. The first is when the initial
gluon splits into a collinear bb pair, and the b quark subsequently radiates a noncollinear
gluon. Thisisassociated with thediagramsin Figs. 3.3(b) and 3.3(c), taken together, which

correspond to noncollinear gluon radiation. Thelogarithmis summed viathe leading-order
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Figure 3.6: Next-to-next-to-leading-order contribution to single-top-quark produc-
tion viaW-gluon fusion.

DGLAP equation into the b-quark distribution function in Figs. 3.3(b), 3.3(c), so thisterm
is aready accounted for.

The other term of order a2 In(m¢/mg) is summed by extending the DGLAP splitting
function Pyg to next-to-leading order. This sums the first subleading logarithms, of order
a2 In"~1(m¢/m@) (n> 2) into the b-quark distribution function of theleading-order process,
Fig. 3.2(8). The remaining term, of order a2, is a correction of order as x 1/In(m¢/mg)
compared with the leading-order process of Fig. 3.2(a).

This analysis demonstrates that al collinear logarithms are ultimately summed into the
b-quark distribution function; no explicit collinear logarithmsremain. The remaining terms
areall of order af or, if the diagram has ab quark intheinitial state, of order a2 In(n¢/mg).
These correspond to corrections of order a1 x 1/In(m¢/mg2) or a1, respectively, com-
pared with the leading-order process. For a more detailed discussion of higher orders, see

Ref. [71].

3.1.4 Factorization schemefor heavy quarks

The factorization scheme used to eliminate the collinear divergences from the parton
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Ccross section must be the same as the scheme used to define the parton distribution functions
in order to yield a correct (and scheme-independent) result. Inthe MS scheme, the b-quark
distribution function b(x, p2) is defined to be zero at i = my, and is then evolved to higher
values of p viathe DGLAP equations[64]. Thisisthe definition of the b-quark distribution
function employed in the CTEQ MS parton distribution functions [63, 70] .

Another popular factorization scheme is the DIS scheme. In this scheme, the neutral -
current structurefunction F»(x, Q?) isdefined to have no radiative correctionfor light quarks.
For p > my, the b quark is essentially alight quark, so a natural interpretation of the DIS
scheme for the b quark is that its contribution to Fo(x, Q%) has no radiative correction. This
istheinterpretationthat wasmadein Ref. [62], which adopted the DI S schemefor the parton
cross section and used the CTEQ DISdistribution functions[63]. However, the CTEQ DIS
b-quark distribution function is actually not in the DIS scheme as interpreted in Ref. [62].
Rather, the b-quark distribution functionisagain defined by theinitial conditionb(x, u?) =0
at 1 = my, and evolved to higher values of p viathe DGLAP equations. Thereisno sensein
which this yields a b-quark distribution function which is formally equivalent to the usual
DIS scheme. As aconsequence, it is not correct to calculate the parton cross section in the
usual DIS scheme when using the CTEQ DIS b-quark distribution function. The same is
true of the CTEQ DIS charm distribution function.

Toavoidthisproblem, wecalculate entirely intheM S scheme. Thisyieldsvery different

numerical results from the calculation of Ref. [62] in the DIS scheme.

3.2 Structure-function approach

Inspecting the leading-order process in Fig. 3.2(a), gb — d't, one observes that it is
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Figure 3.7: Single-top-quark production via W-gluon fusion from a structure-

function point of view. The W boson initiates deep inelastic scattering on both

hadrons.
analogous to charged-current deep-inelastic scattering. In fact, it is double deep-inelastic
scattering; the virtual W boson is probing both the hadron containing the b quark, and the
hadron containing the light quark, g. Thisis shown schematically in Fig. 3.7. We can ex-
ploit this analogy to calculate the correctionsto this process in a compact way, in terms of
next-to-leading-order hadronic structure functions [65, 66]. This factorization of the pro-
cessisexact at next-to-leading order, because diagramsinvolving gluon exchange between
the light-quark and heavy-quark lines do not interfere with the tree diagram, due to color
conservation.?

The hadronic tensor describing a W boson of four-momentum q striking a hadron of

four-momentum P can be written in terms of five structure functions:

2 . )
o6 @) = Ry ) (- B )+ ZRC (R T ) (- T )

(X, Q?
| %swmmq" +Fa(x, Q) ot + Fs(x, Q) (Pucy + Roci) (33)

where Q> = —¢?. If the struck quark, and the quark into which it is converted, are both

massless, then the current with which the W interacts is conserved, and one has q*W,y =

1Since Tr(TA) = 0, terms in the square of the matrix element that involve only oneinternal gluon vanish.
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q"Wuw = 0. Thisimpliesthat the structure functions Fy4, Fs vanish. The scaling variablex is
given by x = Q?/2P- q, as usual.

If the quark into which the struck quark is converted is massive, such as the top quark,
then the current is no longer conserved, and F4, 5 are nonvanishing (although we will find
that they do not enter our calculation). Furthermore, the scaling variable is now given by
x=(Q*+n¥)/2P-q.

The hadronic cross section in Fig. 3.7 is obtained by contracting the hadronic tensors at
each vertex with the square of the W propagator connecting them. Due to current conserva-
tion of the light-quark tensor, the g*q” / M\%\, term in the numerator of the W propagator does

not contribute, so one ssmply contracts the two tensors together. One finds

MWy (X1, QF)MWH (xp, Q) =

3F1(x1, Q?)Fi(%2, @7

R, QIR )25+ R, R, )L
+ Fo(x1, Q)Fa(%e, Qz)m (Pl' P2~ %) 2
+5Fa(x, s, ) (%— ) , (34)
where
P - (35)
= g (36)
Yy — %. (3.7)

The heavy-quark structure functionsF4, /5 do not contribute to this expression because they
are the coefficients of tensors which contain g#, g*, or both. These tensors give vanishing
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contribution when contracted with the light-quark tensor, due to current conservation. The
W boson interacts with mass ess quarks in the hadron of four-momentum Py, and interacts
with a b quark in the hadron of four-momentum P,, asindicated in Fig. 3.7. Note that the
latter hadron is probed by aW boson of four-momentum —qg, which resultsin P, - (—q) ap-
pearingin severa placesin Eqg. (3.4). Onemust a so add the contribution where theW boson
interacts with massless quarksin the hadron of four-momentum P, and with the b quark in
the hadron of four-momentum P;.

The differential hadronic cross section is given by [66]2

1 (¢ ? 1 2 M 2 ol 222
do = 4 (5) (v MWkt MW, Q) (20 QP , (3.9

where W2 = (P; + q)? and W2 = (P, — g)? are the squared invariant masses of the hadron

remnants (including the top quark), and S= 2P; - P, isthe square of the hadronic center-of-

momentum energy. Using
2P g = W24+Q?, (3.9)
2Py (—0) = WS+, (3.10)
we can write Eq. (3.4) in terms of the integration variables Q?, W2, W2:
MWy (X1, Q)MWH (xo, Q%) =

3F1 (X1, Q¥)F1(%2, Q%)

2 2 2 2
- SF00, QR0 Q) 5 — SRl IR, ) s
) ) 1 ~ <wf+Q2>(w§+Q2>>2
R0 QR0 Dz Ty we 1 o) <S 2Q2
2 2 So% 1 311
+ F3(X1)Q )F3(X2;Q ) <(Wf+ QZ)(W22+ QZ) - §> ) ( . )

2This equation is obtained from Eq. (2) of Ref. [66] by setting dI = 0 and integrating out the four-
dimensiond Dirac & function.
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where

Q2
Xp = W, (312
2

Xy — v(\g/gigzz (3.13)

The physical region is given by
W, > 0, (3.14)
W > m, (3.15)
Wi+We < VS, (3.16)
G = [S-W2-WEEAASWE W), (3.17)
Ma,b,c) = a4+ b+ c?—2ab—2ac— 2bc. (3.18)

The next-to-leading-order expressions for the structure functions are given in Appen-
dix C. We use the MS scheme, for the reasons discussed in Sec. 3.1.4. After the subtraction
of the collinear logarithms In[(Q? + n¢) /mg], we set the b-quark mass to zero, since it is
small compared with the top-quark mass.® When eval uating the next-to-leading-order con-
tribution to the cross section, we use the next-to-leading-order expression for the structure
function corresponding to the light quark or the heavy quark, but not both at the same time,

asthiswould yield a contribution of next-to-next-to-leading order.

3.2.1 Factorization scale

The similarity of the leading-order process gb — 't with deep inelastic scattering sug-

geststhat the relevant scalein the light-quark distribution functionis p? = Q2. If the parton

3In practice, it is simpler to set the b-quark mass to zero from the outset, and evaluate the cross section
inN = 4 2¢ dimensions. The collinear logarithms appear as terms proportional to 1/& —y+In4r, and are
subtracted in the M S scheme.
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distribution functions were extracted solely from deep-inel astic-scattering data at the same
values of x and Q? relevant to this process, this statement would be exactly correct, because
the radiative corrections to deep-inelastic scattering are precisely the same as those to the
light-quark vertex in gb — ¢'t. The latter process has additional radiative corrections, both
to the heavy-quark vertex and between the two quark lines, but these are unrelated to the
scale in the light-quark distribution function.

The actual situation isnot far from the situation described above. Most of the informa-
tion on the light-quark distribution functions does come from deep inelastic scattering, and
the relevant val ues of x and Q? are within the range of the HERA ep collider: X ~ m;//S~
0.1 at the Tevatron and x ~ 0.01 at the LHC, with Q?<M3,. We therefore set p2 = Q% in
the light-quark distribution function and refrain from varying the scale, asis usualy done
to estimate the theoretical uncertainty from uncal culated higher-order corrections.

The situation is entirely different for the scale in the b-quark distribution function. The
collinear logarithm that results from the diagrams in Figs. 3.2(b) and 3.3(b) is In[(Q? +
n¢)/mg]. Upon subtraction of thecollinear region viathediagramsin Figs. 3.2(c) and 3.3(c),
the remaining logarithmisin[(Q? 4 m¢)/u?] (see Appendix C). The appropriatescalein the
b-quark distribution function is therefore pu? ~ Q? + né. Since the b-quark distribution is
obtained from an entirely theoretical calculation, we vary this scalein order to estimate the
uncertainty from uncal cul ated higher-order corrections.

The argument above shows that the appropriate scales in the light-quark and b-quark
distributionfunctionsaredifferent. Althoughit may seem unfamiliar to havedifferent scales
in the parton distribution functions of a given hadronic process, we have shown that it is

appropriate in this case. The appropriate scale for the production of a quark of mass mq
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viacharged-current deep inelastic scattering is u? = Q%+ mg, which yields u? = Q? for the
light-quark structure function and u? = Q?+ ¢ for the top-quark charged-current structure

function.

3.3 Reaultsand Conclusions

We evaluate the next-to-leading-order cross section for single-top-quark production via
W-gluonfusion using the latest CTEQ M Sdistribution functions, CTEQ4M [70]. The cross
sections at the Tevatron (1.8 and 2 TeV) and the LHC for the sum of t and t production
for* m = 175 GeV aregivenin® Table 3.1, assuming Vi, = 1. The leading-order cross sec-
tions are also evaluated with the CTEQ4M distribution functions. (When evauated with
the CTEQAL leading-order distribution functions, the leading-order cross sectionsare 1.61,
2.31, and 237 pb at the three machines,) The 1/In(m?/mg) and as corrections are listed
separately. The 1/In(m?/m?) correction is —20% at the Tevatron, and —11% at the LHC.
This confirms previous cal cul ations of this correctioninthe MS scheme[27,72,73]. Theas
correctionis +12% at the Tevatron, and +2% at the LHC. The next-to-leading-order cross
section isthe sum of the leading-order cross section and these two corrections. Thefact that
the as correction partially compensatesthe 1/ In(m2/mg) correctionisanumerical accident,
as these are two truly independent parameters.

Also givenin Table 3.1 isthecross section for e~ p — vetbor et p — vetb at HERA [74—

76]. (The leading-order cross section is 1.21 x 10~4 pb when evaluated with the CTEQA4L

4The current worl d-average top-quark mass is 174.1+ 5.4 GeV [6].

SThe numerical resultsin Table 3.1 were obtained by eval uating the weak coupling constant g in terms of
the Fermi coupling Gg and theW-boson mass My, viag? = 8GeM3,/+/2, where Gg = 1.16639 x 10~5GeV 2
and My = 80.4 GeV. These numerical results are approximately 2% less than the values which appear in the
published version of this chapter [Phys. Rev. D 56, 5919 (1997)].

57



Table 3.1: Cross sections for single-top-quark production viaW-gluon fusion at the
Tevatron, LHC, and HERA for my = 175 GeV. The cross sectionsarethesum of t and
t production at the Tevatron and the LHC, and either t (positron beam) or t (electron
beam) at HERA. Thefirst column givestheleading-order crosssection [Fig. 3.2(3)];
the second column the correction of order 1/In(m?/mg) [Figs. 3.2(b), 3.2(c)]; the
third column the correction of order as (Figs. 3.3, 3.4); and the last column the next-
to-leading-order cross section (the sum of thefirst three columns). All calculations
areperformedintheMS scheme using CTEQ4M parton distributionsfunctionswith
U2 = Q? for the light-quark vertex and u? = Q?+ n¥ for the heavy-quark vertex.

VS LO (pb) 1/In(m¢/mg) (pb) a5 (ph) NLO (pb)
1.8TeV pp 184 -0.39 0.25 1.70
2TeV pp 267 -0.55 0.32 2.44
14TeV pp 270 -31 6 245
314GeVep 1.02x1074 -0.34x107% 0.36x10™* 1.04x 1074

leading-order distribution functions,) The 1/In(m?/mZ) correction is —33%, and the as
correction is +36%. An integrated luminosity of about 10 fb~1 would be needed to pro-
duce a single event. Thisis unattainable given the design luminosity of the machine (£ =
1.6 x 103t /cm?/9).

We argued in Sec. 3.1.3 that the CTEQ DI S b-quark distribution function is incompat-
ible with the usual DIS scheme, and yields incorrect results. To demonstrate this, we also
performthe calculation in the DI S scheme using CTEQ4D distribution functions. The next-
to-leading-order cross sections at the Tevatron (1.8 and 2 TeV) and the LHC are found to
be 2.24, 3.20, 290 pb. These differ from the resultsin the MS scheme by much more than
the theoretical uncertainty in that calculation, which we now estimate.

To estimate the uncertai nty from uncal cul ated higher-order corrections, wevary thescale

in the b-quark distribution function about the central value u? = Q? + m¢. The results are
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shown in Fig.3.8 at the Tevatron (2 TeV) and the LHC, for both the |eading-order and next-
to-leading-order cross sections, using the CTEQ4M parton distribution functions. The next-
to-leading-order cross section isconsiderably less sensitiveto i, asexpected. Varying 1 be-
tween one-half and twice its central valueyields an uncertainty in the next-to-leading-order
cross section of +5% at the Tevatron and +4% at the LHC. As discussed in Sec. 3.2, we
do not vary the scale in the light-quark distribution function, where p? = Q2. Although our
estimate of the theoretical uncertainty in the cross section from uncalculated higher orders
israther small, it would be worthwhile to pursue the calculation to the next order in .

Another source of uncertainty stems from the uncertainty in the top-quark mass. The
cross section as a function of the top-quark mass is shown in Fig. 3.9 at the Tevatron (2
TeV) and the LHC. The cross section isrelatively insensitive to the top-quark mass because
the decrease in the parton distribution functions with increasing my is not augmented by a
decrease in the partonic cross section, which scales like 1/M3, instead of 1/, The present
uncertainty of +5.4 GeV in the top-quark mass [6] corresponds to an uncertainty of +9%
in the cross section at the Tevatron and +-5% at the LHC. Anticipating an uncertainty of +2
GeV in the top-quark mass from Run |1 at the Tevatron and/or from the LHC reduces the
uncertainty in the cross section from the top-quark mass to +-3% at the Tevatron and +2%
at the LHC.

The most significant source of uncertainty iscurrently the uncertainty in the gluon distri-
bution function, which reflectsitself as an uncertainty in the b-quark distribution function.
A recent paper by the CTEQ collaboration [77] has attempted to quantify this uncertainty
for the CTEQ4M [70] distribution functions. Specifically, they have made avery conserva-

tive estimate of the error in gluon-gluon, and gluon-quark initial states. Theresultisthat for
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Figure 3.8: Cross section for single-top-quark production viaW-gluon fusion at the
Tevatron and the LHC for my = 175 GeV, versus the ratio of the factorization scale
W to its natural value, U = 1/Q?+ m¢. Both the leading-order and next-to-leading-
order cross sections are shown.
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Figure 3.9: Next-to-leading-order cross section for single-top-quark production via
W-gluon fusion at the Tevatron and the LHC as a function of the top-quark mass.
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single-top-quark production, given the relevant range of x ~ 0.01-0.1 and scale |, the error
islessthan 10% at both the Tevatron and the LHC. Thisisnot as good an estimate of the er-
ror as having a parton distribution set with an associated error-correlation matrix. However,
Ref. [77] points out that thereis currently no known way to quantify the theoretical uncer-
tainties in combining the experimental data sets. Also, only afew experiments themselves
have provided correlation information. Thus we shall have to use 10% as a benchmark for
the uncertainty due to parton distribution functions for now.

We present the first complete and correct calculation of the next-to-leading-order cor-
rections to single-top-quark production via W-gluon fusion. We estimate the uncertainty
due to uncal culated higher-order correctionsto be about +5% at the Tevatron and the LHC.
Assuming the uncertainty in the gluon distribution function can be further quantified and
reduced below 10%, single-top-quark production via W-gluon fusion will be an accurate
probe of the charged-current interaction of the top quark at the Tevatron and the LHC. In
conjunctionwithqq — th, it will yield an accurate measurement of V;, and possibly indicate
the presence of new physics.

Inthischapter, weresum largelogarithmsIn[(Q? +n¢) /mg] viaDGLAPevolutionwhich
leads to a reordering of perturbation theory. In Sec. 3.1 we show that there are two in-
dependent corrections, of order 1/In(m?/mg) and as, which are numerically comparable.
Because this is double deep-inelastic scattering, a structure-function approach is used in
Sec. 3.2 to evaluate the cross sections listed in Table 3.1. In Sec. 3.2.1 we show that the
appropriate choice of scale 1 in deep-inelastic scattering is u? = Q%+ ¢, where my isthe
mass of the final state quark. Finally, we argue in Sec. 3.1.4 that the CTEQ4D charm and

bottom-quark parton distribution functions are not actually in the DIS scheme. Therefore,
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we recommend the use of the M'S scheme for cal culations with heavy-quark initial states.
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Chapter 4

Single-top-quark production at hadron
colliders

Single-top-quark production at the Fermilab Tevatron and the CERN Large Hadron Col-
lider (LHC) provides an opportunity to study the charged-current weak-interaction of the
top quark [27,57-61, 73]. Within the standard model, single-top-quark production offers
ameans to directly measure the Cabibbo-K obayashi-Maskawa (CKM) matrix element Vyp,.
Beyond the standard mode!, it issensitiveto anon-standard Wtb vertex, and to exoticsingle-
top-quark production processes involving new particles [27-35]. In order to be a useful
probe, the measurement of single-top-quark production must be accompanied by an accu-
rate calculation of the standard-model production cross section and experimental accep-
tance, aswell as an analysis of the associated backgrounds.

It isuseful to distinguish between three different types of single-top-quark production,
based on the virtuality of the W boson. Fig. 4.1(a) shows the leading-order Feynman di-
agram for s-channel! single-top-quark production [57, 58]. This process has the theoreti-
cal advantage of proceeding via quark-antiquark annihilation, so the partonic flux can be

constrained from Drell-Yan data [ 78]. The next-to-leading-order calculation has been per-

1The s-channel processis sometimes referred to astheW* process, however, theW boson in thet-channel
process is aso off-shell.
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Figure4.1: Feynman diagramsfor single-top-quark production at hadron colliders:
(a) s-channel production, (b) t-channel production (W-gluon fusion), and (c) asso-
ciated production with aW boson.

formed for this channel [38], as well as a study of the acceptance and backgrounds[5, 58].
Fig. 4.1(b) shows a Feynman diagram for t-channel single-top-quark production, often re-
ferred to asW-gluonfusion [27,59-61,73]. The primary advantage of thischannel is statis-
tics. The cross section is almost three times larger than that of the s-channel process at the
Tevatron, and the cross section at the LHC is 100 times larger than at the Tevatron. The
production cross section was recently calculated by us at next-to-leading order (see Chap-
ter 3, [8, 62]), and the acceptance and backgrounds have been most completely studied in
Ref. [5]. Fig. 4.1(c) shows a Feynman diagram for Wt production, where an on-shell W is
produced [73,79]. This process proceeds via a gluon-b interaction, which makes the cross
section negligible at the Tevatron. However, at the LHC it contributes about 20% of the to-
tal single-top-quark cross section. Neither the next-to-leading-order cross section,? nor the
calculation of the acceptance and backgrounds for this process, are yet available.

In this chapter we calculate the acceptance and backgrounds for single-top-quark pro-

2The next-to-leading-order cross section is available for the identical process of Wc production [80].
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duction via W-gluon fusion at the Tevatron and LHC. There are a number of differences
with the analysis of Ref. [5]. The most significant improvement is that we perform an ac-

curate cal culation of the acceptance, using our next-to-leading-order cal culation of thetotal

cross section. Thisisan essential ingredient in the extraction of the cross section from ex-

periment, and can be used to normalize any future studies. The acceptance cannot simply
be calculated by comparing the cross section from Fig. 4.1(b) with and without cuts, be-

cause the total cross section is not obtained solely from Fig. 4.1(b), due to the breakdown
of perturbation theory in the region where the initial gluon splitsinto a nearly-collinear bb
pair. The correct way to treat the collinear region and cal cul ate the acceptance is discussed

indetail in Sec. 4.1.

Our analysis of backgrounds differs from that of Ref. [5] in that we advocate the use
of one and only one b tag to isolate the signal, while Ref. [5] requires one or more b tags.
The main motivation for thisis that we desire to separate single-top-quark production via
W-gluon fusion (which usually has only the b quark from top decay in the fiducial region)
from the s-channel process (which usually hasab and abin thefiducial region, and isfound
by double b-tagging). This provides two independent measures of Vi, with different back-
groundsand theoretical uncertainties. Perhaps moreimportantly, thetwo processes are gen-
erally influenced by new physicsin different ways, so looking for adeviation of each process
from the standard model would be auseful diagnostic [27-35]. For discovery of single-top-
quark production, and first measurements of V;y,, we also consider the total single-top-quark
production cross section with only one b tag.

Sincethetop quark isproduced viatheweak interaction in single-top-quark processes, it

has significant polarization [60]. An optimal basisfor the measurement of this polarization,
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both for the s-channel process and for W-gluonfusion, wasrecently introduced in Ref. [39].
We quantify the integrated luminosity required to observe and measure this polarization,
including the effects of acceptance and jet reconstruction.

The chapter is organized asfollows. In Sec. 4.1 we cal cul ate the acceptance for single-
top-quark production via W-gluon fusion. We pay particular attention to the issues asso-
ciated with the splitting of the initial gluon into a nearly-collinear bb pair. In Sec. 4.2 we
briefly discuss our calculational techniques. 1n Sec. 4.3 we present resultsfor the signal and
backgrounds at the Tevatron and the LHC. Sec. 4.4 is concerned with the polarization of the

top quark in single-top-quark processes. We summarize our resultsin Sec. 4.5.

4.1 Acceptancefor W-gluon fusion

In Chapter 3 (Ref. [8]), we calculated the inclusive next-to-leading-order cross section
for single-top-quark production via W-gluon fusion. The results are listed in the second
column of Table4.1. Experimentally, only the cross section which lies within the geometri-
cal acceptance of the detector is measurable, so it isimportant to cal cul ate this acceptance.
Normally thisis straightforward; one ssmply comparesthe tree-level cross section with and
without cuts. However, the total cross section for W-gluon fusion cannot simply be cal-
culated from Fig. 4.1(b), because perturbation theory breaks down in the region where the
initial gluon splitsinto anearly-collinear bb pair. Thuswe must first find the correct way to
calculate the acceptance.

The Er spectrum of the b antiquark is shown with asolid linein Fig. 4.2. Itis peaked at
small Er, because theinternal b-quark propagator is close to being on shell when theinitial
gluon splitsinto a nearly-collinear bb pair. Sincedo/d p2 ~ 1/(p% +mg), the cross section

67



Table 4.1: Cross sections (pb) for single-top-quark production via W-gluon fusion
with m = 175 GeV. The second column isthe total next-to-leading-order cross sec-
tion (see Table 3.1, or Ref. [8]), and the third the cross section with the b antiquark
below prmax = 20 GeV. The uncertainty is estimated from the scale variation of the
cross section, and does not include the uncertainty in the parton distribution func-
tions nor the uncertainty in the top-quark mass.

VS ONLO Prmax = 20 GeV
1.8Tev 1.70+ 0.09 134+ 0.14

2TeV 244+ 012 190+ 0.20
14Tev 245412 157 + 16

with the pr of the b antiquark above prmin is proportional to In[mf/( p,in + ME)]. Another
power of this logarithm appears at every order in perturbation theory via collinear gluon
radiation from the internal b quark, so the expansion parameter is asIn[mé/( p2, + Me)l.
Thus the calculation of the cross section is more accurate the larger the choice of prpin.

Unfortunately, it isnot practical to smply choose alargevalue of pypin and measurethe
cross section for Wij (j denotes the light-quark jet from the emission of the t-channel W
boson in Fig. 4.1(b); Wb are the decay products of thet quark). Thereisalarge background
from tt production, which yieldsthefinal state WWbhb; this mimics the signal when the ad-
ditional W boson decays to two jets, and one jet ismissed. To suppress this background we
search for the signal in the final state Wbj, i.e. we demand that the Bantiquark not appear
inthefinal state.

Fortunately, the cross section with the Bantiquark below prmax can be calculated with
good accuracy, provided prmax IS Sufficiently large. Thisis achieved via atwo-step proce-
dure. In Chapter 3 we calculated the total cross section (ptmin = 0) and summed the loga-

rithmically-enhanced terms, a2 In"(nmé/mg)/n!, to al orders[27,67,68,72,73]. Tocalculate
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Figure4.2: Transverse energy distributionsfor the spectator t_)antiquark (solidline),
the b quark from top-quark decays (dashed line), and the light-quark jet j (dotted
line), in single-top-quark production viaW-gluon fusion at the Fermilab Tevatron.
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the cross section with the b antiquark below prmax, We simply take the total cross section

and subtract from it the cross section with the Bantiquark above Prmin = Prmax-

0(Prp < PTmax) = OnNLO — O(Prp > PTmax) - (4.1)

Thisamountsto i ntegrating the momentum of the b anti quark over all momentabel ow prmax-
Sincewe do not want to detect this b anti quark (dueto thett background), it is not necessary
to know its pr spectrum below prax anyway.

We givein the third column of Table 4.1 the cross section for single-top-quark produc-
tion viaW-gluon fusion with the Bantiquark below prmax = 20 GeV. These numberscan be
used to normalize future studies. For example, Ref. [5] studied the signal for the final state
Whq, using the process gb — gt to approximate the W-gluon fusion process, and normaliz-
ing to the total cross section. However, it is more accurate to normalizeto the cross section
with the Bantiquark below some chosen prmax (20 GeV in Ref. [5]).2 HERWIG [81] and
PY THIA [82] also smulate single-top-quark production viaW-gluon fusion using gb — .

Our strategy is therefore as follows. We use the process in Fig. 4.1(b) to calculate the
differential cross section for single-top-quark production viaW-gluon fusion. If the pt of
the b antiquark is below prmax, We normalize to the cross section calculated as described
above. Thisyieldsmost of signal cross section (Whbqinthefiducial region). If the pt of the
b anti quark is above prmax, We simply use the cross section obtained from Fig. 4.1(b). This
yields the fina state Wqu, which we regject if all three jets are in the fiducial region, but
which contributesto the signal if one jet is missed, one and only one of the two remaining

jetsis b-tagged and it, with the W boson, reconstructs to the top-quark mass (within some

SRef. [5] normalized to a cross section of 1.6 pb; we see from Table 4.1 that a more accurate cross section
is1.90 pb.
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resolution). This strategy avoids the occurrence of powers of alIn"(mé/mg)/n! at higher

ordersin perturbation theory, which would degrade the accuracy of the calculation.

4.1.1 Theoretical uncertainties

In Sec. 3.3, westudied the uncertainty in the next-to-leading-order total crosssection for
single-top-quark production viaW-gluon fusion by varying the factorization scale in the b-
quark distribution function. Thisindicated an uncertainty in thetotal cross section of +5%,
not including the uncertainty in the parton distribution functions, or in the top-quark mass.
However, to obtain the cross section with the py of the Bantiquark below prmax, We needto
subtract from the total cross section the cross section with the pr of the b antiquark above
Prmin = Prmax, 8 discussed above. Sincethe latter isatree-level calculation, its scale de-
pendenceisrelatively large.

Using the scale p? = p$5+ mﬁ in the gluon distribution function and the strong cou-
pling, we find a £30% uncertainty in the cross section with pr; > 20 GeV at the Teva-
tron (+15% at the LHC) by varying u between one half and twice its central value. Fortu-
nately, this only accounts for 22% of the cross section at the Tevatron (35% at the LHC).
Adding in quadrature the absolute uncertainty in the NLO cross section, and the cross sec-
tion with pyp > 20 GeV, we find an uncertainty of about +10% in the cross section with
Prp < 20 GeV at both the Tevatron and the LHC. This uncertainty is reflected in the num-
bersin Table 4.1. To reduce this uncertainty would require the resummation of the large
logarithms asIn[mé /(2 4, + ME)] which appear in the cal culation of the cross section with
the pr of the b above Prmin.

Another source of uncertainty in the cross section is the uncertainty in the parton distri-
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bution functions, especially the gluon distribution function. This uncertainty has recently
been studied in Ref. [77], and it appears to be less than +£10% at both the Tevatron and the
LHC. This is comparable to the uncertainty stemming from the scale variation described
above. That study indicates that the uncertainty in the parton distribution functions could
potentially be pushed below +10%.

The uncertainty in the top-quark mass aso leads to an uncertainty in the cross section.
The present uncertainty of +5.4 GeV [6] correspondsto an uncertainty in the cross section
of +£9% (see Sec. 3.3). Anticipating an uncertainty of 3 GeV from Run |1 at the Tevatron
corresponds to an uncertainty in the cross section of +5%, much less than the uncertainty
from the scale variation and the parton distribution functions. The uncertainty in the top-
guark mass at the Tevatron and the LHC will ultimately reach +2 GeV or less, correspond-
ing to an uncertainty in the cross section of +3% at the Tevatron, and +2% at the LHC.

Combining al theoretical uncertaintiesin quadrature, we estimate a theoretical uncer-
tainty of about +15% in the cross section at the Tevatron and the LHC, assuming an uncer-

tainty inm; of £3 GeV or less.

4.2 Calculation

I n thissection we optimize our study for thedominant single-top-quark production mech-
anism, W-gluon fusion. The final state, Whbbj, consists of a recoiling light-quark jet from
the production of thet-channel W boson, a b antiquark from the splitting of theinitial gluon,
and the decay products of the top quark. As discussed in Sec. 4.1, the large tt background
requires that we use Whj as our signal, i.e. we wish to reject events in which the bis de-
tected above some prmax. Thus our signal is a leptonically-decaying W boson (to reduce
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QCD backgrounds) plus two jets, with one and only one b tag. In addition to the tt back-
ground, the other principal backgrounds areWbb and W (with onejet mistagged), aswell
asWcc and Wcj (with one ¢ quark mistagged). The background WZ, withZ — bb, issmall
and can be neglected.* Requiring oneand only oneb tag helpsreducethett — WWhb, Whb,
and Wcc backgrounds, while maintaining almost al of the signal.

The signal and backgrounds for single-top-quark production are calculated using tree-
level matrix elements generated by MadGraph [84]. The normalization of the W-gluon-
fusion cross section is set by the next-to-leading-order cross section evaluated in Chapter 3,
as described in Sec. 4.1. The factorization scale used for the initia gluon in Fig. 4.1(b)
isp? = p2;+ mg. For thelight-quark p? = Q?, the virtudity of the W, since this is deep-
inelastic scattering. The s-channel process is also normalized to the next-to-leading-order
cross section [38]. Thett cross section isnormalized to the next-to-leading-order result [ 85,
86],° not including soft-gluon resummation [87-89]. The Whb, Wjj, Wcc, and Wcj cross
sectionsare calculated at | eading order using the CTEQAL [ 70] parton distribution functions
with the renormalization and factori zation scales chosen to be pu? = §. Sincetheir cross sec-
tions will be directly measured by experiment, theoretical uncertainties in the normaliza-
tion of these backgroundswill not limit the accuracy of the measurement of the signal cross
section. The gb — Wi cross section is also calculated at leading order using CTEQA4L and
u> =4

We use aGaussian function of width AE; /E; = 0.80/ \/E & 0.05 (added in quadrature)

to smear the jet energiesin order to s mulate the resol ution of the hadron cal orimeter. We do

4In contrast, WZ with Z — bbisan important background to WH withH — bB, because Mz isnear my in
the Higgs mass range of interest [83].
SWe use the central values given inthe last paper of Ref. [87].
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Table 4.2: Cuts used to ssimulate the acceptance of the detector. The rapidity cover-
agefor jetsistakento be 2.5 at the Tevatron and 4 at the LHC. The py, threshold is
greater for charged leptons which are used as triggers (in parentheses).

Nol < 2 Erp > 20 GeV

Inel <25 pr, > 10 GeV (20 GeV)
Injl <25(4) Erj>20GeV

ARyl > 0.7 |ARy| > 0.7

Fr > 20 GeV

not smear the lepton energy, since thisisa small effect compared with the smearing of the
jet energies. The two solutions for the neutrino momentum which satisfy the missing-pr
and W-mass constraints are reconstructed and the solution with the smallest magnitude of
rapidity is chosen. This reconstructed event must pass the cuts listed in Table 4.2 used to
simul ate the acceptance of the detector. Therapidity and E1 coverageare chosento smulate
ageneric detector. Most of thejetsare central at the Tevatron, soit isonly necessary to have
jet coverageto |n;| < 2.5, whilethe jets are distributed over awider range of rapidities at
the LHC, necessitating coverageto || < 4. Experimental resultswill be slightly modified
depending on actual detector capabilities. We assume a b-tagging efficiency of 60% (50%
at Run I) with amistag rate of 15% for charm quarks and 0.5% for light quarks at both the
Tevatron [90] and the LHC [91]. Aswe shall see, the large charm background suggests it
may be advantageous to employ astrategy to reject charm (and light-quark) jets. Therefore
we estimate how well we may do in a scenario where the mistag rate for charm quarksis
reduced.

The Et spectrum of the Bantiquark, the b quark from the top decay, and the light-quark
jet j from the emission of thet-channel W boson, from single-top-quark production viaW-
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gluon fusion, are shown in Fig. 4.2. The b-quark Et spectrum peaks at about 60 GeV. The
mean Er of thelight-quark jetisabout Myy /2 =40 GeV. The b antiquark is produced mostly
at low pr, and so the combination of b¢+v does not often reconstruct to a top-quark mass.
Hence the majority of our signal comes from tagging the b quark, with the light quark pro-
viding the second jet.® However, weincludein our signal any final state with two and only

two jetswith pt > 20 GeV, with one and only one b tag.

4.3 Numerical results

Our results are summarized in Tables 4.3-4.5. The second column showsthetotal cross
section times the branching ratio for the top quark to decay semileptonically. The signal
cross section includes both t and t production times the branching ratio % (we do not in-
clude thet — btv semileptonic decay in the signal since T is seen as ajet). Similarly, the
Wjj, Whb, Wcc, and Wecj backgrounds account for both W+ and W~ production times the
branching ratio %. The tt background is multiplied by the branching ratio ‘g‘ to include the
possibility that either thet or the t decays semileptonically (att event can be a background
to either singlet or singlet production).

The third column of Tables 4.3-4.5 shows the cross section for events which pass the
detector acceptance cuts listed in Table 4.2. These events have one and only one b-tagged
jet, and at |east oneother jet. Wehave used ab-tagging efficiency of 60% (50%in Table4.3),
with a mistag rate of 15% for charm and 0.5% for light-quark jets [90, 91]. The detector
responseisprimarily importantinreducingtheW;i j, Whb, Wcg, and Wcj backgrounds. The

numbers in parentheses are the cross sections for events which have a reconstructed b¢ v

6 After the veto cut and top-quark mass reconstruction described in Sec. 4.2, thisis 94% of thesignal at the
Tevatron, and 93% of the signal at the LHC.
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Table4.3: Crosssections (fb) for single-top-quark production and avariety of back-
ground processes at Run | of the Fermilab Tevatron. The W-gluon-fusion signal is
denoted by tbj, and the s-channel by th. Listed in parenthesis are the cross sections
for eventsin which the reconstructed b¢*v invariant massiswithin 4-20 GeV of the
top-quark mass. The bottom two rows show the statistical sensitivity for discovery
and a cross section measurement, respectively, given 110 pb~? of data.

Tevatron 1.8 TeV pp
Total x BR Detector (peak) Veto (peak)

thj 378 79 (54) 64 (46)
th 162 40 (20) 40 (20)
Wt 16 8.3(4.2) 1.9 (1.0)
Wjj — 205 (40) 205 (40)
Wbb 6500 128 (24) 128 (24)
Wec — 65 (12) 65 (12)
Wej — 195 (37) 195 (37)
tt 2160 606 (268) 53 (15)
% — 1.3 2.0
VS8 — 0.81 0.63
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Table4.4: Crosssections (fb) for single-top-quark production and avariety of back-
ground processes a Run |1 of the Fermilab Tevatron. The W-gluon-fusion signal is
denoted by tbj, and the s-channel by tb. Listed in parenthesis are the cross sections
for eventsin which the reconstructed b¢ v invariant massiswithin 4-20 GeV of the
top-quark mass. The bottom two rows show the statistical sensitivity for discovery
and a cross section measurement, respectively, given 1 fb~* of data.

Tevatron 2TeV pp
Total x BR Detector (peak) Veto (peak)

thj 542 133 (90) 107 (76)
th 196 48 (24) 48 (24)
Wt 26.5 16.6 (8.4) 38(2.1)
Wjj — 257 (54) 257 (54)
Wbb 7420 146 (28) 146 (28)
Wee — 74 (14) 74 (14)
Wcj — 274 (53) 274 (53)
tt 2980 838 (364) 80 (24)
= — 5.4 7.8
VB — 0.21 0.16
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Table4.5: Cross sections (fb) for single-top-quark production and avariety of back-
ground processes at the CERN LHC. The W-gluon-fusion signal is denoted by tbj,
and the s-channdl by tb. Listed in parenthesis are the cross sections for events in
which the reconstructed b¢*v invariant mass is within +20 GeV of the top-quark
mass. The bottom two rows show the statistical sensitivity for discovery and across

section measurement, respectively, given 1 fb~1 of data.

LHC 14 TeV pp
Total x BR Detector (peak)  Veto (pesk)
thj 54400 12500 (7510) 8930 (6110)

th 2270 470 (229) 470 (229)
Wt 13700 7510(3610) 1650 (820)
Wjj — 7000 (1460) 7000 (1460)

Wbb 70700 1140 (230) 1140 (230)
Wec — 750 (150) 750 (150)
Wej — 24200 (5070) 24200 (5070)
tt 357000 95600 (40700) 9040 (2770)
TSE — 52 73
VET - 0.021 0.018
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invariant mass within 20 GeV of the top-quark mass (to account for detector resolution).
Notethat 70% of the single-top-quark eventssurvivethiscut, whileonly 43% of thett events
survive, and only 20% of theW | j, Whb, Wcg, and Wcj eventssurvive. Thelow acceptance
for Wjj, Whb, Weg, and Wcj is easily understood since there is no kinematic preference
towards the top-quark mass. The tt acceptance is only 43% because one half of the time
the tagged b quark will be associated with the other top quark in the event and thus has no
preference to reconstruct to the mass of the top quark.

It is evident from Tables 4.3-4.5 that the largest background istt — WHW- bb, and it
is much larger than the signal. This background is particularly worrisome because it pro-
duces apeak in thebl*v invariant-mass spectrum at the top-quark mass, as doesthe signal.”
Hence it isimportant to apply additional cuts to reduce this background. Since this back-
ground has an additional W boson in the final state, we reject events which have an ad-
ditional charged lepton with p, > 10 GeV, or additional jets® with Et j > 20 GeV and
Inj| < 2.5 at the Tevatron® (n;| < 4 at the LHC). This reduces the tt background by more
than afactor of 15, whilereducing thesignal by amodest amount, sincethesignal rarely has
athird jet with Erj > 20 GeV. This “veto” yieldsthe signal and background cross sections
listed in the fourth column of Tables 4.34.5.

We show in Figs. 4.3, 4.4 the b¢™v invariant-mass distribution for single-top-quark pro-
duction and the various visible backgrounds after the veto. The W-gluon-fusion processis

prominent at both the Tevatron and the LHC, but the backgrounds are non-negligible. The

’In contragt, thett background is not as problematic for the processWH with H — bb, because it does not
produce a peak in the bb invariant mass near the Higgs mass [83].

8The 1 lepton istreated as ajet.

9Since jets from the backgrounds are typically central, increasing the jet rapidity coverageto |n | < 4 at
the Tevatron does not decrease the backgrounds significantly.
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Figure 4.3: The b¢*v invariant-mass distribution for single-top-quark production
and backgroundsat the Run 11 of the Fermilab Tevatron. The W-gluon-fusionsignal
isdenoted by tbj, and the s-channel by thb.
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Figure 4.4: The bl™v invariant-mass distribution for single-top-quark production
and backgrounds at the CERN LHC. The W-gluon-fusion signal is denoted by tbj.
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tt background has been reduced to an acceptable level, but it is still significant, and because
it has the same shape asthe signal it will be necessary to calibrate this background by mea-
suring it with looser cuts and then extrapolating it to the present cuts with the help of sm-
ulations. If we desire to separate single-top-quark production viaW-gluon fusion from the
s-channel process, it will aso be necessary to measurethelatter and subtract it fromthe sig-
nal. Thiscan be achieved by double b-tagging [58]. However, for an analysis of Vi, at the
Tevatron we want to use al single-top-quark data. Thisisunnecessary at the LHC, where
the s-channel processisnegligible.

The remaining backgrounds — Whb, Wjj, Wcc, and Wcj — al yield continuous spec-
tra, and therefore can be calibrated by measuring them in the invariant-mass regions away
from the peak region. These backgrounds are significant and comparable to each other at
the Tevatron, but only Wcj is significant at the LHC. It may be desirable to reject more
strongly events in which a charm or light quark fakes ab jet, both at the Tevatron and the
LHC. This can be achieved by imposing the condition that the invariant mass of the sys-
tem which pointsto the secondary vertex exceed 2 GeV [92]. The VXD3 vertex detector in
SLD has achieved a b-tagging efficiency of 50%, with a mistag rate of 1.24% from charm
and 0.07% from light quarks. We use these mistag rates to estimate what might be achieved
with the vertex detectors at the Tevatron and LHC detectors.

Thestatisticsfor discovering asignal aredifferent from thosefor measuring itscross sec-
tion. To claim a discovery, one needs to demonstrate that the signal is not consistent with
a fluctuation in the background. The discovery significance is therefore governed by the
number of signal eventsdivided by the square root of the number of background events %.

Reducing the background can provide substantial improvement on the significance for dis-
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Figure 4.5: Required mistag rates for charm and the light-quark jets j in order to

reach a discovery significance of 2.50, or 3o with datafrom Run | of the Fermilab

Tevatron.
covery. In the next-to-last row of Tables4.3-4.5, we present the significance for discovery
of single-top-quark production (all modes) for Run | at the Tevatron, and for thefirst fb=1 at
Run |1 and the LHC. Even though there were about 7-8 events in the top-quark mass-peak
regionat Run |, thesignificanceisonly 2o. If adiscovery of single-top-quark productionis
to be made from Run | data, the charm and light-quark-jet j mistag rates must be reduced.
In Fig. 4.5we show 2.50, and 3o discovery curves as functions of the rate to mistag charm
and light-quark jets, assuming a b-tagging of 50%. At Run Il single-top-quark production
will be discovered at the 50 level in the first 410 pb~! of data, and at the LHC in thefirst
5pb 1.

The last row of Tables 4.3-4.5 shows the statistical sensitivity for measurement of the
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total single-top-quark production cross section compared to the backgrounds. This corre-
spondsto measuring the total single b-tagged single-top-quark cross section. This provides
the best statistical result for extracting Vip. Run 11 of the Tevatron will provide a measure-
ment of the cross section with a statistical uncertainty of 411% (with 2 fb~1 of data) which
combined in quadrature with the theoretical uncertainty of 4+-15% from the W-gluon fusion
NLO calculation givesatotal estimated uncertainty of +£19%. Systematic uncertaintiessuch
asthetotal luminosity are estimated to be on the order of 5%. Furthermore, these uncertain-
tieswill tend to cancel in the ratio of single-top-quark production over tt production. Since
thisratio is proportional to |Vip|?, the error on Vi, will be reduced by afactor of two, result-
ing in ameasurement of +10% with 2 fb~1 of dataat Run 1. If VXD3 mistag rates can be
achieved [92], the statistical uncertainty on single-top-quark production improvesto +9%
with 2fb~1 of dataat Run I1. The LHC will have ~ 100 timesthe number of events per fb—1
as Run I, which means V;;, can be extracted as accurately as theoretical and systematic ef-
fects can be controlled. Since many of the systematic effects cancel in theratio, theory will
need to provide higher order correctionsto both single-top-quark production and tt produc-
tion.

Because new physics may affect the s-channel, and t-channel modes of single-top-quark
production independently, we also wish to know how well the t-channel cross section can
be measured separately. At Run |1, the W-gluon-fusion cross section can be measured to
+15%(stat) with 2 fb~1 of data[+12%(stat) with VXD3 efficiencies]. After including the-
oretical and estimated systematic errorsas above, we estimate the cross section will be mea-
sured to +22% (with VXD3 rates, +-20%). A measurement of V;, from this cal culation will

be made to +-11%. At the LHC, again the theoretical uncertainties determine how well the

84



Cross section can be measured.

Therelatively simple set of cutsin Table 4.2 provides us with a measurement of the W-
gluon-fusion cross section within 60% of the theoretical limit (100% signal acceptance with
100% background rejection) at both machines. We therefore restrain ourselves from opti-
mizing our cuts without including a morerealistic smulation of detector and hadronization
effects. However, we would like to remind the reader that another unique feature of single-
top-quark production is the forward jet associated with the production of the t-channel W
boson [73,93]. Fig. 4.6 shows the rapidity n of the identified jet for W-gluon fusion, com-
pared with the rapidity of jetsin the background processes at the Tevatron.

The tt background naturally has several additional jets associated with the decay of the
second top quark. Although each of these decay productstendsto be central, it issufficient
for any one of the three jets to be forward which reduces the discriminating power of this
cut on thett background. Additionally, while the forward jet peaks at arapidity n = 1.8 at
the Tevatron, one-third of the W-gluon-fusion cross sectionisat n < 1. Hence even aweak
forward tag nj > 1 does not improve the significance for measurement or discovery. The
situation at theLHC isshownin Fig. 4.7. Theforward jet peaksat n = 2.5, and only 20% of
theW-gluonsignal isat n < 1. However, all of the backgrounds also spread out in rapidity.
Thusit remains difficult to make any significant gain by tagging the forward jet. A forward
jet tag should be considered when determining a set of fully-optimized experimental cuts,

but it isunlikely to provide more than a small improvement to the what is achieved above.

4.4 Measuringthetop-quark polarization

Single-top-quark production proceeds viathe electroweak interaction, therefore, the top
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Figure 4.6: Rapidity distributions for the identified jet j in W-gluon fusion (solid
line) and background events (dashed line) at the Fermilab Tevatron.
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Figure 4.7: Rapidity distributions for the identified jet j in W-gluon fusion (solid
line) and background events (dashed line) at the CERN LHC.
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guarksproduced are highly polarized in thedirection of the spectator quark intheevent [39].
Sincethetop quark decays before QCD interactions can flip the spin [40], 10 the pol arization
of the top quark may be observable in the distribution of its decay products. For semilep-

tonic top-quark decays, the lepton is particularly sensitive to the spin of the top quark.

1 do 1
o dloos® )] 511+ cos(8j,+)] (4.2)

Here, 8+ is the angle in the top-quark rest frame, between the spin direction of the top
quark, and the direction of the lepton [41].

Fig. 4.8 shows the normalized distribution versus cos(6,+ ) for W-gluon fusion, where
0+ isthe angle of the lepton in the top-quark rest frame with respect to the direction of
the spectator jet j (identified asin Sec. 4.2). There are four different initial state configu-
rations for W-gluon fusion; u+g, g+ u, d+ gand g+ d. At the Tevatron, the dominant
initial state isug, providing 3/4 of the cross section. Single-top-quarksare 100% polarized
in thedirection of the d-type quark in the event. In eventswhere the d-type quark istheini-
tial quark, the angle between this quark and the spectator jet isrelatively small. Therefore
using the spectator jet as the directionis very efficient. Similarly, for s-channel single-top-
quark production, the direction of the b is correlated with the initial state d_antiquark. The
dashed linein Fig. 4.8 shows the distribution versus cos(8 j,+ ) after the detector acceptance,
jet smearing, and reconstruction of the neutrino’s momentum are taken in to account, and
the top-quark mass peak reconstructed. The suppression at cos(0,+) ~ 1 isdue to the 3R
cut between the lepton and the spectator jet. The dotted line shows this same distribution

including the veto cuts.

OTherevolutiontime T ~ 1/(ua2) for abound stateislessthan thelifetimeof thetop quark T ~ 1/1.5 GeV.
For a detailed cd culation using potential models and heavy-quark effective theory see Ref. [94].
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Figure4.8: Normalized distributionsof reconstructed top-quark-massevents versus
cos(0,+ ), where 8+ isthe angle between the decay |epton, and the spectator jet in
the top-quark rest frame for W-gluon fusion. The solid line shows events without
any cuts. Events which pass the detector cuts are shown with a dashed line. The
dotted line shows events which pass the veto.
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Figure 4.9: Normalized distributions of W-gluon fusion, s-channel production, and
backgrounds versus cog(6,+), where 6+ is the angle between the decay lepton,
and the spectator jet in the top-quark rest frame. These plots are for reconstructed
top-quark-mass events which pass the cuts listed in Table 4.2 in addition to the jet
Veto.

InFig. 4.9 we show the normalized distribution versus cos(8 ;,+ ) after the veto cuts, and
top-massreconstruction, for W-gluon fusion, s-channel production, and the backgrounds. A
simple test to observe the top-quark spin polarization is to measure the asymmetry in this
plot. Since jet reconstruction cuts off the small angle region, we define an asymmetry be-

tween —1.0 < cog(8j,+) < 0.8,

N[cos(6,+) < —0.1] — N[-0.1 < cog(B,+) < 0.8]

A .
N[cos(8,+) < —0.1] + N[-0.1 < cog(8;,+) < 0.8]

(4.3)

The standard model predicts an asymmetry of —40% for W-gluon fusion, and —23.5%

for s-channdl single-top-quark production, from the reconstructed events after cuts. This
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givesatotal single-top-quark asymmetry of —36%. An unpolarized top quark would havea
zero asymmetry. A nonzero asymmetry measurement would therefore be observation of the
polarization of the top-quark in single-top-quark production. There isadight positive bias
evident in thett background eventsin Fig. 4.9 due to the jet reconstruction algorithm. The
total background, tt plusthevariousWj j backgrounds, however, isnearly flat in cos(8 i)
with an asymmetry of lessthan +4%. If wetreat the background asflat, the measured asym-
Metry is Ayieasured = —13%. This can be observed at the 3o level with 2 fb~1 of data. An
observation of nonzero asymmetry at the 50 level requires ~ 525 single-top-quark events
with abackground of ~ 910 unpolarized events. Thiswould require approximately 5.3 fb~1
of luminosity.

The accuracy with which the top-quark polarization can be extracted from this asymme-
try islimited both by the statistical uncertainty in the asymmetry measurement, as well as
uncertainty intheratio of thetotal number of eventsNr4 to the number of single-top-quark

events N;. The extracted asymmetry A; is.

A = Avteasured X (Nrotal /N) - (4.4)

Thefractional uncertainty is obtained by adding the fractional uncertainty of Apeasured, @d
Nrotal /Nt in quadrature. Given 2 fb~! of luminosity at Run |1 the experiments should be
able to measure an asymmetry of A; = —36+ 9%, giving the polarization to +-25%. The
large statistical uncertainty +9% will be greatly improved at the LHC. Assuming the same
asymmetry at the LHC, with 2 fb~! of data the statistical uncertainty will be reduced to

+3%, allowing the top-quark polarization to be measured to +8%.
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45 Conclusions

Single-top-quark production will be an important tool for studying the Wtb vertex. The
W-gluon fusion channel offerslarge statistics, and thereforethe possibility to study the ver-
tex with high precision. We have outlined a set of discovery cuts which may provide evi-
dencefor single-top-quark production in the datafrom Run | at the Fermilab Tevatron, pro-
vided the rates for charm and light-quark jets to be misidentified as b quarks can be con-
trolled. In Run I1, single-top-quark production, and W-gluon fusion specifically, will be ob-
served. The W-gluon-fusion cross section can be measured to +22% or better with 2 fb—1
of data, from which V4, can be extracted to +11% if it is close to unity. Thisis compa-
rable with the +12% measurement possible with a double b-tagging analysis optimized to
find s-channel production [58]. Combining these independent measurements, Vi, may be
measured to +8%. Using the full single-top-quark cross section in thisanaysis, V;, can be
measured to +10%.

Run 11 may also provide an opportunity to observetheV — A nature of the Wtb vertex by
observing the distribution of the lepton from the semileptonic decay of the top quark. With
2 fb~1 of data, the polarization of the top quark can be seen at the 3o level. A measurement
of the polarization can be made to +-25%.

Unlike s-channel single-top-quark production, the W-gluon-fusion cross section grows
rapidly with collider energy. The CERN LHC will provide a measurement of the cross sec-
tion accurate to 2%(stat) with the first fb=2 of data. In principlethiswill allow for detailed
studies of the Wtb vertex, provided systematic uncertainties can be controlled.

We describe an improved method for measuring single-top-quark production via W-
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gluon fusion at hadron colliders. With simple cuts, the cross section can be measured to
within afactor of 1.6 of the maximum statistical sengitivity. This study looks for only two
jets, with one and only one b tag, and aW that decays leptonically. It also incorporates the
correct method for scaling the differential W-gluon cross section to thefull NLO result. Be-
cause perturbation theory breaksdown intheregion of where b anti quarksare collinear with
the b quarks, we avoid resultsthat are sensitive to the distribution of the b at low transverse
momenta. Our choice of signal, Wbj, integrates over much of the problem region. Thusthe
uncertainty from this effect is reduced from 30% to 10%.

If we wish to obtain smaller errorsfor the Run Il data, or reach high sensitivities at the
LHC, there are afew theoretical issues that need to be resolved. Whileit is possibleto re-
duce the uncertainty due to the collinear region by raising the Et cutsto 40 GeV, the huge
tt background returns since the extra jets escape detection. Hence, afull NLO cross section
that is differential in the pt spectrum of the Bantiquark needs to be calculated. The other
main uncertainty is dueto the parton distribution function for the gluon. Hopefully, thiswill

become more constrained when data from the relevant region of x and Q?, isincorporated.
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Appendix A

Supersymetric QCD form factors

Theformfactorsfor the one-loop matrix el ementsin Eq. 2.7 of the supersymmetric QCD
correction to top-quark production are given below. The integrals are written in terms of n-
point integrals[49], inthe notation of FF[50]. The code used to evaluate thetensor integrals
islisted in Appendix B. For each appearance of a heavy squark g, or top squark t, theterm
should be summed with g, or t; first, and then +g, or +1, asindicated. The vacuum po-
larization is separated into terms proportional to the top squarks t and the heavy squarks g.

WithA =1/e—yg + In4m,

N = L[+ 29Bo(mg, e, ) — Ao(mE) + 2[Ao(mE) + SAo(E)
+<(5— AmRBo(E, MR, 5) + = (5 4mE)Bo(nE, 1, 9

—4sA—|—4m§+§(S—n‘§—5rr%)] . (A.)

Theinitial- and final -state vertex correction form factors have the same functional form.
For theinitial state, mq = 0, and mz = my. For thefinal state, mg = m;, and mz = . The

two squarks Q4 and + Q. are summed as before. Arbitrary mixing is allowed for both the
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top squarks and the heavy squarks. The three-point integrals have the form

C(mg, mg, mg) = (g, mg, Mg, g, NG, s) , (A.2)
V= S [MECau () + MECza(E, I, ME) + (s 2ME)Can(E, , 1E)
+ 2Co4(mg, mB, mg) — 1+ 2mGCra (Mg, ME, ME) + (S~ 2mG)Cyp(mg, Mg, )
— mBCo(I8, M2, B) -+ 2mymy i (265)Co(g, M, mB)| + 2 Cau(m2, B, )
45 [ B 1 )+ (1 1 B2, e, )
T 2mymgsin(205)Bo( M2, M, mg)] , (A.3)

S =3 [masz(rr%, n%’ rné) - rntz]CZ-?:(rr%’: rné: rné) + nhrngsn(ze )Clz(mé; n%; rné)]

- % [—maczz(”%a Mg, m&) + MgCas(mM&, Mg, M)

Fmymgsin(20) [Cro(mB, M, m2) + 5 Co(mB, mE )], (A4)

A = :]:i COS(Zeé) [l‘ﬂéCzj_(mé, rng«, rné) + masz(rr%, m2 mé)

2s Q Q’
—I_(S_ znﬁ)CZ.?)(rné) n%; rné) + 2C24(rn§7 n%; rné) + SClZ(rnéa n%; rné)
2 8
—mECo(mE, M2, m2) — £ Coa(MB, ME, M) + < Ba(mE, g, )| (A5)

The four-point integralsin the box terms are

D¢ = n‘%an‘%an‘%angoonfnfsnf 2p2 p3

where p1- p3=(1—Bz)/4 and p2- ps = S(1+ Bz)/4. The box and crossed-box terms are

summed over each combination of squarks?ji?j , Wwherei, j =1,2. Themixing of the squarks
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IS parameterized as

1.
ac+bd:$zsm(2&t~), (A7)
for t, and t, respectively, and, for g;t;,

1 .

a’+b? = Z[COSZ(ef—eq)—I—COSZ(ef—I—eq)],I:j, (A.8)
1 . . .

c+d® = Z[sz(&t—ea)*'s'”z(&t‘l'ea)]>'=J,
1 . . .

a2+b = Z[sz(&t—ea)+9”2(9f+9a)];I#J,

+d? = %[cosz(ef— 6g) + cos*(6;+ 0g)] ,i # | -

B = mmgs*(ac+bd)[Dyg — D12+ Dig+ Do] + Ms*(a2 + b?)[—D12 — Dpz— Doa
+ Dag — 2D27/9] +4S(p2 - P3)?(a2 + b?)[~ D12+ D13 — Dos + Dos — 2Dp7/9)
+ [mPs+4(py - p3)?][mP(a2 + b?) Doz + mg(c? + d?)Dg — 2mmy(ac+ bd)Dy3) ,
(A.9)
C = mmys’(ac+bd)[Df; — DS, + Df5+ D§] + mps*(c? + d?)[-Df, — D5; - D5,
+ D56 — 2D%;/8] +45(p1 - p3)*(c? + d?)[—D§, + D3 — D5, + DSs — 2D5/9
+ [mPs+4(p2 - pa)?][mf(c? + d?)D35 + mg(a? + b?) D§ — 2mmg(ac+ bd)DS; -

(A.10)

A few equations in the appendix of Ref. [46] appear to be misprinted. As written they
lead to divergent behavior that does not match Fig. 8 in that paper. With the following re-

placements, our analytic results agree up to the sign discrepency discussed in Sec. 2.1.
FIP = T{-S2ALAD (2877 +2(0— )2 — mym (2A1As,)[287 D1,
F = —{s(2AI-,AI-, G- P)?] + mgm (2AAe)[28(8 — 2n¢) — 4(f — )]} Das
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Os

2{—§(2A5A9) (287 + 2(f - 7] — mym (2ALAe,)[287]}D12
a—;{é(ZAEAE)[Z(f —mP)?] + mgmy(2A] As, ) [2§(5— 2¢) — 4(0— mR)?]} D13
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Appendix B

Numerical evaluation of tensor loop
Integrals

This appendix reproduces the Fortran subroutinesin thefile zf f bcd. f . These subrou-
tines extend the package FF [50] (which numerically evaluates scalar n-point integrals) to
allow for numerical evaluation of n-point tensor integralsup throughn= 4 and rank 2. The
notation used in the subroutinesisidentical to that of FF, except where noted.

The tensor n-point integrals are analytically reduced to sets of scalar n-point integrals
before numerical evaluation. The routines are based on the work of Passarino and Veltman

in Ref. [49] with afew modifications:

1. Inorder to be consistent with FF, the functions are evaluated in the Minkowski metric

(+——).

2. Aswasfirst pointed out in Ref. [38], on p. 199in Appendix E of Ref.[49], Cy and Cy3
weretransposed. All reductionswererederived for thiswork, and the correct ordering

is used below.

3. The numerical solutions to By in the subroutine zf f bOp were derived analytically,

and checked with the results of Aeppli [95] and Djouadi [43] where possible.

98



OO0

The tensor integrals used in the code below are defined as

1 1
AT) = 172 | M=y

Bo; Bu(K?, mi, mg) = %/d”q (qz_n@ (1(31 k)z—m%> |

d
BB(kz, m%, m%) = @BO(kza m%) m%)

1
oGyt Cun( B3, P, 1, 1, 1) = -5 [ e
1; Qu; Qv

(cP—mE) ((a+ pa)? —mB) ((a+ put p2)* — )

1
Do; Dy;Dpy = 2 /dnq

X

)

(B.1)

(B.2)

(B.3)

(B.4)

o 15 qu; Qv
(@) ((a+ po)* — m8) ((@+ pa+ p2)* — mB) ((a-+ pa+ po-+ pa)’ — )
(B.5)
where
Bu = kuBi, (B.6)
Cu = P1pCu+ P2pCr2, (B.7)
Cw = P1uP1vCar+ P2uP2vCaz + {P1P2} yCos + GuvCos (B.8)
Du = p1uDu+ p2pDi2+ p3uDas, (B.9)
Dw = P1uP1yD21+ P2pP2vD22+ P3puPayDaz+ {P1p2},,yD2s
+ {P1Ps},y D25+ {P2Ps},,yD26 + GuvDa7 , (B.10)
and {p7 k}p\) = puk\) + kpp\)
File: zffbcd. f
This is a set of subroutines that evaluates B(nu), C(mu), C(rmru, nu)

D(rmu), or D(rmu, nu) given the appropriate entries. The anal ytic
substitutions are fromPassarino & Vel tman pp. 196+.
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O0O00000

NOTE: These functions are evaluated in the M nkowski netric.

NOTE: I n di nensional regularization, terns appear as epsilon*fnc,
let epsilon == e
then: e*A0(ni 2) m 2
e*BO(k™2,nl"2,m2"2) =1

e*BOp(k™2,my"2,n2"2) =0

e*BlL(k"2,m"2,mM"2) =-1/2

e*Q0(pl™2,p2°2,nl"2,M2"2,M3"2) =0

e*Cl(pl™2,p2°2,nl"2,M2"2,M3"2) =>Cl1l = Cl2 => 0

e*C2(pl™2,p2°2,nl"2,M2"2,MB8"2) => C21 =C2 =C23 =>0
4 => 1/4

e*D0(pi "2, m"2) =0

e*Dl(pi"2,m"2) =0

Subrouti ne zffbOp(chOp, xk, xma, xnb, i er) cal cul ates the val ue of BOp
for all cases except BOp(0;0,0).

Subroutine zffbl(cbl, ca0(2), ch0, d0, xmm xk, xma, xnb, i er) cal cul ates
the coefficients for B(mu) = k(nu)*cbl.

Subroutine zffcl(ccll, ccl2, dO, xmm xpi,ier) calcul ates the
coefficients for C(nu).

Subroutine zffc2(cc2l, cc22, cc23, cc24,d0, xmm xpi,ier) cal cul ates
the coefficients for C(nu, nu).

Subroutine zffdl(cdl, xpi,ier) calculates the coefficients for D(nu).

Subroutine zffd2(cd2, d0, xnm xpi,ier) calculates the coefficients
for D(nu, nu).

The subroutines call: ffxa0
f f xb0
ffxcO
f f xdO

The file "ff.h is included.

SUBROUTI NE ZFFBOP( cbOp, xk, xma, xnb, i er)
I nput: (xk=k™2), (xma=ma"2), (xnmb=nb"2)
Returns: cbOp, ier

NOTE: Integral in FF-format
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Most results are fromthe dissertation of Aeppli, ’Radiative
Corrections in the El ectroweak Theory’', Zurich 1992. ALL were
rederived by hand as a check. BOp(k, ma, mb) non-zero is from
Dj ouadi, PRD 48,7 p. 3088.

implicit none

i nteger ier

doubl e precision xk, xma, xnb
doubl e precision k, na, nb
doubl e conpl ex cp, cm
doubl e conpl ex cbOp

k = xk
m = XM
nmb = xnb

** | f xi < 1d-12 then xi = 0d0 **
if (xk .1t. 1d-12) then

k = 0dO

endi f

if (xma .1t. 1d-12) then
ma = 0d0

endi f

if (xnb .1t. 1d-12) then
nb = 0d0

endi f

*% k= (Q **

if (k.lIt. 1d-12) then
** mao.eq. nb >0 **
if ((m.eq. nb) .and. (ma .gt. 1d-12)) then
cbOp = 1d0/ 6d0/ na
el se
**ma.ne. nb, ma.or. nb =0 **
if ((m.ne. nb) .and. (ma .lt. 1d-12)) then
cbOp = 1d0/ 2d0/ nb
el se
if ((m.ne. nb) .and. (b .1t. 1d-12)) then
cbOp = 1d0/ 2d0/ na
el se
**ma.ne. nb, >0 **
if (ma. ne. nmb) then
cbOp = (ma+nb- 2d0* ma* b/ ( ma- nb) *1 og( ma/ nb) ) / 2d0/ (ma- nb) **2
el se
**n-a:n-bzo**
print *, *ERROR> BOp (0,0,0) is not defined here.

ier = 999
cbOp = 0dO
return
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endi f
endi f
endi f

endi f

el se

**k

.he. 0 **

** mp=nh =0 **
if ((ma.lt. 1d-12) .and. (mb .1t. 1d-12)) then

e

cbOp = -1d0/ k
se

** ma .ne. nb, oneis =0, k.gt. other

if (((k.gt. ma) .and. (b .1t. 1d-12)) .or.
((k .gt. mb) .and. (ma .It. 1d-12))) then
print *,’ ERROR> BOp(k, m0), k > mis not defined here.’
i er=999
cbOp = 0dO
return
endi f

** ma .ne. nb, oneis =0, k .le. other **

if ((ma.lt. 1d-12) .and. (k .le. b)) then
cbOp = - (1dO+nb/ k*1 og(1d0- k/ nb))/k
el se
if ((mb.It. 1d-12) .and. (k .le. ma)) then
cbOp = - (1dO+ma/ k*l og(1d0-k/ ma))/k
el se

** ma .ne. nb >0 **

** p=ml+nR is singular **
if (abs(sqgrt(k)-sgrt(ma)-sqrt(nmb)) .It. 1d-12) then
print *,’ ERROR> BOp(p, nl, n2) is singular at p=nil+nL.
cbOp =0d0
i er=999
return
endi f
** m2 = p-mL or mL = p-nR is special **
if ((abs(sqgrt(ma)-sqrt(k)-sqgrt(nb)) .It. 1d-12) .or.
(abs(sqgrt(mb)-sqgrt(k)-sqgrt(ma)) .I1t. 1d-12)) then
cbOp = - (2d0+(nb-ma)/ k*| og( ma/ nb) +2d0* ( k- ma- nb) *( 1d0/
(k+ma- mb) +1d0/ (k+nb-ma) ) )/ 2d0/ k
return
endi f
** ot herwi se **
cp = k-ma-nb+sgrt (denpl x( k**2- 2* k* ( ma+nb) +( ma- mb) **2))
cm = k-ma- nb-sqgrt (dcnpl x( k**2- 2*k* ( ma+nb) +( ma- mb) **2))
cbOp = - (2d0+(nb-ma)/ k*| og( ma/ nb) +2d0/ k* ( ( ma- nb) ** 2- k*
(ma+nb) )/ (cp-cm *l og(cm cp))/ 2d0/ k

endi f
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OO0

1

endi f
endi f
endi f

return
end

SUBRQUTI NE ZFFB1(cbl, ca0, cb0, dO, xmm xk, xma, xmnb, i er)

I nput: (ca0(2)=a0(ma"2),a0(nb"~2)), (cb0=b0(xk, xma, xnb)), dO, xmm
(xk=k"2), (xma=ma"2), (xnmb=nb"2)
Returns: cbl, ier

NOTE: Integral in FF-format

implicit none

i nteger ier

doubl e preci si on dO, xmm xk, xma, xnb
doubl e conpl ex cal(2), cb0

doubl e conpl ex cbl

i nclude '/ hone/theorist/theory/ff/ff.h’
** xk < 1d-12 then xk = 0 **

if (xk .lt. 1d-12) then
if (xma .eq. xnb) then
cbl = -(d0 - | og(xma/xmm)/2d0
el se
** xma . neq. xmb **
cbl = -(d0 + 1d0/2d0 - xma/ (xmb-xma) - xma**2*| og( xma/

xmb) / (xnb-xma) **2 - | og(xnb/ xm) )/ 2d0
endi f
el se
cbl = (ca0(1)-cal(2)-(xk-xmb+xma)*cb0)/ (2d0* xk)
endi f
return
end

SUBROUTI NE ZFFCl(ccll, ccl12, dO, xmm xpi ,ier)

I nput: dO,xnm (xpi=ml"2, "2, "2, pl° 2, p2°2,p3"2)
Calls: ffxb0, ffxcO
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Returns: ccll, ccl2, ier

implicit none

integer ier, i

doubl e preci sion dO, xnm xpi ( 6)

doubl e conpl ex ccll, ccl2

doubl e conpl ex ¢b012, cb013, cb023, ccO,r1,r2
doubl e precision f1,f2, xxdet, x12, xx(2, 2)

i ncl ude '/ home/theorist/theory/ff/ff.h
Sinple error trapping: Uncomrent to debug.

do 10 i=1,6
if (xpi(i) .1t. 0) then
print *, 'xpi’',i,’” <0 needs to be handl ed anot her way.’
ccll = 1dO
ccl2 = 1dO
return
endi f
conti nue

Cal | BO functions

cal |l ffxb0(cb012, d0, xmm xpi (4), xpi (1), xpi (2),ier)
cal | ffxb0(cb013, d0, xmm xpi (6), xpi (1), xpi (3),ier)
cal | ffxb0(cb023, d0, xmm xpi (5), xpi (2), xpi (3),ier)
Call @

call ffxc0O(ccO, xpi,ier)

fl
f2

-xpi (1) + xpi(2) - xpi(4)
-Xpi (2) + xpi (3) - xpi(6) + xpi(4)

rl = (ccO*f1 + cb013 - cb023)/2d0

r2 = (ccO0*f2 + cb012 - cb013)/2d0
x12 = (xpi(6) - xpi(4) - xpi(5))/2d0
xxdet = xpi (4)*xpi (5) - x12**2

xx(1,1) = xpi(5)/xxdet

xx(2,2) = xpi(4)/xxdet

xx(1,2) = -x12/xxdet

xx(2,1) = xx(1,2)

ccll = xx(1,1)*r1l + xx(1,2)*r2
ccl2 = xx(2,1)*rl + xx(2,2)*r2
return
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OO0

SUBRQUTI NE ZFFC2(cc21, cc22, cc23, cc24, dO, xmm xpi , i er)

I nput: dO,xnm (xpi=ml"2, "2, "2, pl° 2, p2°2,p3"2)
Calls: ffax0, ffxb0O, ffxcO, zffbl
Returns: cc2l, cc22, cc23, cc24, ier

O0O000

implicit none

integer ier, i

doubl e preci sion dO, xnm xpi ( 6)

doubl e conpl ex cc21, cc22, cc23, cc24

doubl e conpl ex ca0ll, ca02, ca03, cc23b, t enp23
doubl e conpl ex ccll, ccl2, ca0(2)

doubl e conpl ex cb012, cb013, cb023, ccO,r1,r2
doubl e conpl ex cbl112, cb113, cb123,r3,r4,r5,r6
doubl e precision f1,f2, xxdet, x12, xx(2, 2)

@)

i ncl ude '/ home/theorist/theory/ff/ff.h
Sinple error trapping: Uncomrent to debug.

do 10 i=1,6
if (xpi(i) .1t. 0) then
print *, 'xpi’,i,’” <0 needs to be handl ed anot her way.’
cc2l = 1do
cc22 = 1do
cc23 = 1d0
cc24 = 1dO0
return
endi f
10 continue

Call AO functions

O000000000000O00O0O0

cal | ffxa0O(ca01, dO, xmm xpi (1),ier)
cal | ffxa0(ca02, d0, xmm xpi (2),ier)
cal | ffxa0(ca03, d0, xmm xpi (3),ier)

C

C Call BO functions

C
cal | ffxb0(cb012, d0, xmm xpi (4), xpi (1), xpi (2),ier)
cal | ffxb0(cb013, d0, xmm xpi (6), xpi (1), xpi (3),ier)
cal | ffxb0(cb023, d0, xmm xpi (5), xpi (2), xpi (3),ier)

C

C Call @

C
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call ffxc0O(ccO, xpi,ier)
Define Bl functions

ca0(1) ca0l
ca0(2) ca02
call zffbl(cbl12, ca0, cb012, dO, xmm xpi (4), xpi (1), xpi (2),ier)
ca0(2) = ca03
call zffbl(cb113, ca0, cb013, dO, xmm xpi (6), xpi (1), xpi (3),ier)
ca0(1l) = ca02
call zffbl(cb123, ca0, cb023, dO, xmm xpi (5), xpi (2), xpi (3),ier)
Not e:
cb112 = (cal0l-ca02- (xpi (4)-xpi (2)+xpi (1)) *cb012)/(2d0*xpi (4))
cb113 = (ca0l- ca03- (xpi (6)-xpi (3)+xpi (1)) *cb013)/(2d0*xpi (6))
cb123 = (ca02-ca03- (xpi (5)-xpi (3) +xpi (2)) *cb023)/ (2d0*xpi (5))

fl=-xpi(1l) + xpi(2) - xpi(4)

f2 =-xpi(2) + xpi(3) - xpi(6) + xpi(4)
rl = (ccO*f1 + cb013 - cb023)/2d0

r2 = (ccO0*f2 + cb012 - cb013)/2d0

x12 = (xpi(6) - xpi(4) - xpi(5))/2d0
xxdet = xpi (4)*xpi (5) - x12**2

xx(1,1) = xpi(5)/xxdet
xx(2,2) = xpi(4)/xxdet
xx(1,2) = -x12/xxdet
xx(2,1) = xx(1,2)

Defi ne Cl1 functions

ccli
cclz

xx(1,1)*rl1 + xx(1,2)*r2
xX(2,1)*rl + xx(2,2)*r2

Defi ne C2 functions

cc24 = 0.25d0 + ccO*xpi (1)/2d0 + (cb023 - fil*ccll - f2*ccl2)/4d0

r3
ra

(fl*ccll + cb113 + cb023)/2d0 - cc24
(f1*ccl2 + cb113 - ch123)/2d0
(f2*ccll + cb112 - cbh113)/2d0
(f2*ccl2 - ¢cb113)/2d0 - cc24

xx(1,1)*r3 + xx(1,2)*r5
xx(2,1)*r4 + xx(2,2)*r6
xx(2,1)*r3 + xx(2,2)*r5

o
o
N
N
I n

Check C23
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cc23b = xx(1,1)*r4 + xx(1,2)*r6

tenmp23 = (cc23+cc23b)/2d0

cc23 = tenp23
i f (abs(1d0-cc23b/cc23) .ge. 1d-2) then
print *,” ERROR in C23-C23b =", abs(1d0-cc23b/cc23)
endi f

return
end

SUBROUTI NE ZFFD1(cd1, xpi , i er)

Input: (xpi=m"2,n2"2, N3 2, M2, pl 2 p2°2,p3 2, p4d”2,
(p1l+p2)~ 2, (p2+p3) "~ 2)
NOTE: Al nonenta are positive comng in,
| abel l ed as in FF.
Cal I s: ffxcO, ffxdO
Returns: cdl(1), cdl(2), cdi(3), ier

implicit none

integer ier, i

doubl e precision xpi (13), xpj (6)

doubl e conpl ex cdl1(3)

doubl e conpl ex c¢d0, cc0134, cc0234, cc0124, cc0123,r20,r21,r22
doubl e precision f1,f2,f3, xxdet, xxi nv(3, 3)

doubl e precision mi, n2, n8, m, pl, p2, p3, p4, pl2, pl3, p23, p5, pb6

i ncl ude '/ home/theorist/theory/ff/ff.h
Sinple error trapping: Uncomrent to debug.

do 10 i=1,8
if (xpi(i) .It. 0) then
print *, 'xpi’',i,’” <0 needs to be handl ed anot her way.’
cd1(1) 1d0
cd1(2) 1d0
cd1(3) 1d0
return
endi f
conti nue

xpi (1)
xpi (2)
xpi (3)
xpi (4)
xpi (5)
xpi (6)

RPRIRR
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OO0

OO0

OO0

p3 = xpi (7)
p4 = xpi (8)
p5 = xpi (9)
p6 = xpi (10)

pl2 = (p5 - pl - p2)/2dO
p23 = (p6 - p2 - p3)/2d0
pl3 = (p2 + p4 - p5 - p6)/2d0

Call @

xpj (1) = nl

xpj(2) = nB

xpj (3) = mi

xpj (4) = p5

xpj (5) = p3

xpj (6) = p4

cal | ffxc0(cc0134, xpj,ier)
xpj (1) = n2

xpj (4) = p2

xpj (5) = p3

xpj (6) = p6

cal |l ffxc0(cc0234, xpj,ier)
xpj (1) = nl

xpj (2) = n2

xpj (4) =pl

xpj (5) = p6

xpj (6) = p4

cal | ffxc0O(cc0124, xpj,ier)
xpj (3) = nB

xpj (4) =pl

xpj (5) = p2

xpj (6) = p5

call ffxc0(cc0123, xpj,ier)
Call DO

ier=0

cal | ffxd0O(cdO, xpi,ier)

Define D11, D12, D13
xxdet = pl*p2*p3-p3*pl2**2- p2*pl3**2-pl*p23**2+2d0*pl2* pl3*p23

xxinv(1l,1) = (p2*p3 - p23**2)/xxdet
xxinv(1l,2) = (p23*pl3 - p3*pl2)/ xxdet
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ON@)

O0O0O0000O000

xxinv(1,3) = (pl2*p23 - p2*pl3)/ xxdet
xXinv(2,1) = xxinv(1l,2)

xxinv(2,2) = (pl*p3 - pl3**2)/xxdet
xxinv(2,3) = (pl2*pl3 - pl*p23)/ xxdet
xxinv(3,1) = xxinv(1,3)

xxinv(3,2) = xxinv(2,3)

xxinv(3,3) = (pl*p2 - pl2**2)/xxdet
fl=n2 - m - pl

f2=n8B- n2 + pl - p5

f3=m - nB - p4 + p5

r20 = (f1*cd0 + cc0134 - cc0234)/2d0
r21 = (f2*cd0 + cc0124 - cc0134)/2d0
r22 = (f3*cd0 + cc0123 - cc0124)/2d0

cdl(1)
cdl(?2)
cd1(3)

return
end

xxinv(l,1)*r20 + xxinv(1,2)*r21 + xxinv(1, 3)*r22
xxinv(2,1)*r20 + xxinv(2,2)*r21 + xxinv(2, 3)*r22
xxinv(3,1)*r20 + xxinv(3,2)*r21 + xxinv(3, 3)*r22

SUBROUTI NE ZFFD2( cd2, dO, xnm xpi , i er)

[ nput: dO, xmm

(xpi=nl"2,mM2" 2, M3" 2, mM" 2, pl” 2, p2" 2, p3~ 2, p4~ 2,
(p1+p2)~2, (p2+p3)~2)

NOTE: Al nonenta are positive comng in,

Calls: zffcl,

| abel l ed as in FF.
ffxcO, ffxdO

Returns: cd2(1), cd2(2), cd2(3), cd2(4), cd2(5), cd2(6),
cd2(7), ier

implicit none
integer ier, i
doubl e preci si
doubl e conpl ex
doubl e conpl ex
doubl e conpl ex
doubl e conpl ex
doubl e conpl ex
doubl e preci si
doubl e preci si
doubl e conpl ex

on xpi (13), xpj (6), dO, xnm

cd1(3), cd2(7)

cd0, cc0134, cc0234, cc0124,cc0123,r20,r21,r22
c11134,¢c12134,¢c11234,¢c12234,c11124,c12124
c11123,c¢c12123
r30,r31,r32,r33,r34,r35,r36,r37,r38

on f1,f2,f3, xxdet, xxi nv(3, 3)

on mi, n2, n8, m4, pl, p2, p3, p4, pl2, pl3, p23, p5, pb
tenp, cd24, cd25, cd26

i nclude '/ hone/theorist/theory/ff/ff.h’
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O000000000000O00O0O0

OO0

Sinple error trapping: Uncomrent to debug.

do 10 i=1,8
if (xpi(i) .1t. 0) then
print *
cd2(1)
cd2(2)
cd2(3)
cd2(4)
cd2(5)
cd2(6)
cd2(7)
return
endi f
conti nue

1d0
1d0
1d0
1d0
1d0
1d0
1d0

xpi (1)

xpi (2)

xpi (3)

xpi (4)

xpi (5)

xpi (6)

xpi (7)

xpi (8)

xpi (9)

xpi (10)

pl2 = (p5 - pl - p2)/2d0
p23 = (p6 - p2 - p3)/2d0
pl3 = (p2 + p4 - p5 - p6)/2d0

©
=
1T T I T T 1 1 A 1 A 0

Call @
xpj (1) =
xpj (2) =n8
xpj (3) = mt
xpj (4) = p5
xpj (5) = p3
xpj (6) = p4

call ffxc0(cc0134, xpj,ier)
call zffcl(cl1134,c12134, dO, xmm xpj,ier)

xpj (1) = n2
xpj (4) = p2
xpj (5) = p3
Xpj (6) = p6

cal |l ffxc0(cc0234, xpj,ier)
call zffcl(cll1234,c12234, dO, xmm xpj,ier)
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OO0

OO0

OO0

xpj (1) =
xpj (2) = n2
xpj (4) = pl
xpj (5) = p6
xpj (6) = p4

cal |l ffxc0O(cc0124, xpj,ier)
call zffcl(cll124, c12124, dO, xmm xpj,ier)

xpj (3) = n8
xpj (4) = pl
xpj (5) = p2
xpj (6) = p5

cal |l ffxc0(cc0123, xpj,ier)
call zffcl(cl1123, c12123, dO, xmm xpj,ier)

Call DO

ier=0

cal | ffxdO(cdO, xpi,ier)
Define D11, D12, D13

xxdet = pl*p2*p3-p3*pl2**2- p2*pl3**2- pl*p23**2+2d0*pl2* pl3*p23

xxinv(l,1) = (p2*p3 - p23**2)/xxdet
xxinv(l,2) = (p23*pl3 - p3*pl2)/ xxdet
xxinv(1,3) = (pl2*p23 - p2*pl3)/ xxdet
xxXinv(2,1) = xxinv(1l,2)

xxinv(2,2) = (pl*p3 - pl3**2)/xxdet
xxinv(2,3) = (pl2*pl3 - pl*p23)/xxdet
xxinv(3,1) = xxinv(1,3)

xxinv(3,2) = xxinv(2,3)

xxinv(3,3) = (pl*p2 - pl2**2)/xxdet
fl1=n2 - m - pl

f2=n8B- nm +pl - p5

f3=m - nB - p4 + p5

r20 = (f1*cd0 + cc0134 - cc0234)/2d0
r21 = (f2*cd0 + cc0124 - cc0134)/2d0
r22 = (f3*cd0 + cc0123 - cc0124)/2d0

cdl(1l) = xxinv(1,1)*r20 + xxinv(1,2)*r21 + xxinv(1,3)*r22
cdl(2) = xxinv(2,1)*r20 + xxinv(2,2)*r21 + xxinv(2,3)*r22
cd1(3) = xxinv(3,1)*r20 + xxinv(3,2)*r21 + xxinv(3,3)*r22

Define D21, D22, D23, D24, D25, D26, D27
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cd2(7) = ml*cd0 - (f1*cdl(1)+f 2*cdl(2)+f 3* cd1(3)- cc0234)/ 2d0

r30 = (f1*cdl1(1)
r31 = (f2*cdl1(1)
r32 = (f3*cdl1(1)
r33 = (f1*cdl(2)
r34 = (f2*cdl(2)
r35 = (f3*cd1(2)

€c11134 + cc0234)/2d0 - cd2(7)
c11124 - c11134)/2d0
c11123 - c11124)/2d0
c11134 - c11234)/2d0
c12124 - c11134)/2d0 - cd2(7)
c12123 - c12124)/2d0
r36 = (f1*cdl(3) c12134 - c12234)/2d0
r37 = (f2*cdl1(3) c12124 - c12134)/2d0
r38 = (f3*cd1(3) - ¢12124)/2d0 - cd2(7)

+ 4+ 4+ + + + + 4+

cd2(1l) = xxinv(1,1)*r30 + xxinv(1,2)*r31 + xxinv(1,3)*r32
cd2(4) = xxinv(2,1)*r30 + xxinv(2,2)*r31 + xxinv(2,3)*r32
cd2(5) = xxinv(3,1)*r30 + xxinv(3,2)*r31 + xxinv(3,3)*r32
cd24 = xxinv(1,1)*r33 + xxinv(1,2)*r34 + xxinv(1,3)*r35
cd2(2) = xxinv(2,1)*r33 + xxinv(2,2)*r34 + xxinv(2,3)*r35
cd2(6) = xxinv(3,1)*r33 + xxinv(3,2)*r34 + xxinv(3,3)*r35
cd25 = xxinv(1,1)*r36 + xxinv(1,2)*r37 + xxinv(1,3)*r38
cd26 = xxinv(2,1)*r36 + xxinv(2,2)*r37 + xxinv(2,3)*r38
cd2(3) = xxinv(3,1)*r36 + xxinv(3,2)*r37 + xxinv(3,3)*r38

temp = (cd2(4) + cd24)/2d0

cd2(4) =tenp

temp = (cd2(5) + cd25)/2d0
cd2(5) =tenp

temp = (cd2(6) + cd26)/2d0
cd2(6) =tenp

return

end

End of file: zffbcd.f
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Appendix C

Next-to-leading order structure
functions

The structure functions for the charged-current production of a heavy quark were cal-
culated at next-to-leading order many years ago in Ref. [96]. This calculation was recently
repeated in Ref. [97], which discovered amisprint in the previous result, and also adopted
the modern convention of treating the gluon ashaving N — 2 helicity statesin N dimensions.
We verified the structure functions, and present them below for compl eteness.

Our calculation utilizes the charged-current structure functions for top-quark produc-
tion, F(Xx, QZ) (i = 1,2,3), calculated in the MS scheme. The bottom-quark mass is ne-
glected throughout. To make contact with Refs. [96,97] we define arelated set of structure
functions, %(x,Q?), viaF, = 1, F, = 2x%,, and F3 = 2%5. These structure functions are

related to the parton distribution functions by

PR = o)+ 2 [ & na(w)

211 z z

+HER2N()], (€Y

where
N
QP +ny
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Table C.1: Coefficientsin the expression for hi(z,A).

[ A By By Bs;
1 0 1—4z+ 7 z- 7 :
2 Ka 2-272-2 2_1-z :
3 0 -1-7 1-z i
The coefficient function for real and virtual gluon emission (Fig. 3.3) is
2
_|_
Hiq(Z7Q27“27)\) = PQQ() Q“m[z“'hq(za)\) (C-3)
where!
4147
Pa(2) = §<1—z>+’ (C.4)
hi(zA) = 4 hq+Ai6(1—z)—|—B-71
1 1-z
S, % |l )
1 T 1+3>\
a — S _
h <4+2)\ 3 o\ KA>6(1 2)
(—I—zz) +(1+ZZ)[2In(1—z)—|n(1—)\z)] | C6)
1-— 1-z n
1
Ka = —(1—A)In(1—A). (C.7)

A

The coefficientsin the expression for h(z,\) are givenin Table C.1.

1The expression for h9 corrects amisprint in Ref. [97], where the 11/ 3 term was written as /3.
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Table C.2: Coefficientsin the expression for h(z,A).

[ Cyi Coi Csi Ca,i

1 4-4(1-)) A=hz_y 2 _4

2 8—18(1—\) o o 6A —12\
+12(1—\)?

3 2(1—\) 0 —2(1-2) 2

The coefficient function for initial gluons[Figs. 3.2(b), 3.2(c)] is

2
HY 1é2(z,Q2,u2,)\) = Py(2) <iL>\—|—InQ:2 >—|—h?(z,)\), (C.8)
where
Pog(2) = %[224'(1—2)2] ; (C.9)
1-Az
Ly, = |n(1_)\)z, (C.10)
hd(zA) = Co+CpizZ(1—2)+Cpj+(1—N)Z)\(Czj+ALCy;), (C.11)
Co = Py(2[2In(1—2)—In(1-Az)—InZ . (C12

The coefficientsin the expression for h(z, ) are givenin Table C.2.
Theexplicitlogarithmsin H(z, Q2, u2, ) and HY(z, Q?, p?, A) show that the appropriate
scale for the processis p? = Q%+ n¥, asdiscussed in Sec. 3.2.
The structure functions for light quarks (Fig. 3.4) in the MS scheme can be obtained
from these expressions by taking mt — 0 (A — 1). Thislimit is unambiguous, except for
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the factor L, ; the correct substitution is

1—
L, — |n7z. (C.13)
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