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ABSTRACT

SINGLE TOP UARK PRODUCTION AND DECAY IN

HADRON COL ISION AT NEXT-TO-LEADING ORDER

by

Qinghong Cao

The top quark is by far the heaviest known fermion and the only known fermion

with a mass at the electroweak symmetry breaking scale. Thus, it is hoped that

a detailed study of top quark coupling to other particles will be of great utility in

determining if the Standard Model mechanism for electroweak symmetry-breaking is

the correct one, or if new physics is responsible. If the top quark does play a special

role in nature, one must discover this fact through careful study of its properties which

requires more accurate theoretical prediction. In this work we present a calculation of

the next-to-leading order QCD corrections, with one-scale phase space slicing method,

to the s-channel and the t-channel single top quark production and decay process at

hadron colliders. Using the helicity amplitude method, the angular correlation of

the final state particles and the spin correlation of the top quark are preserved. We

discuss the effects of different contributions on the inclusive cross section of the single

top production as well as various kinematic distributions after imposing the relevant

cuts to select the single top signal events. The physics of single top production at

the Tevatron is carefully studied, with a particular eye towards various kinematical

distributions of the final state particles which can help to disentangle the single top

event from the copious QCD backgrounds. After reconstructing the single top event,

its polarization is examined in different spin bases.
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Chapter 1

Introduction

A major concern in today’s High Energy Physics is to find the origin of the electroweak

symmetry breaking (EWSB) and the flavor symmetry breaking. In the Standard

Model (SM), both of them are related to the generation of mass terms; the first one

for generating the mass of the electroweak interaction bosons (W and Z), and the

second one for generating the hierarchical mass pattern of the three families of quarks

and leptons. The SM Higgs mechanism can explain both symmetry breakings, but

in doing so it leaves many other questions unanswered. Moreover, this mechanism

predicts the existence of a fundamental spin zero particle (the Higgs boson) that so

far has not been observed. Because the mass of the top quark is about the electroweak

symmetry breaking scale, the interactions of the top quark may well provide critical

information on the true nature of the electroweak symmetry breaking mechanism and

give hints on the flavor symmetry breaking mechanism.

The discovery of the top quark at Fermilab’s p13 collider Tevatron in 1995 by

the CDF and D0 collaborations suggested the direct experimental confirmations of

the three-generation structure of the SM and opened up the new field of top quark

physics. It is interesting to point out that the top quark was already believed to exist

even before its experimental discovery because of the theoretical consistency of the



SM gauge theory (anomaly cancellation), consistency of b quark measurements with

SM predictions, and consistency of precision measurements with the SM. The top

quark is of particular importance in the SM for the following reasons:

1. Heavy mass: The most striking observed feature that sets the top quark apart

from the other quarks is its very large mass. It is approximately forty times

heavier than its partner, with a mass of 178 :l: 4.3 GeV as measured from the

Tevatron Run I data [1]. The precision measurement of the top quark mass

(mt) is very important to the Higgs boson search because the masses of top

quark, W-boson and Higgs boson are correlated through the radiative correc-

tions in the SM. While mt is measured, the question of whether and to what

extent it is possible to constrain the unknown Higgs boson mass (MH), has

become of considerable interest. One example is the W-boson mass (MW)

which receives quantum corrections proportional to m? and 1n(MH) (in the

Iv—IS framework) [2],

MW = 80.3827—0.0579ln( M” )
100 GeV

M m 2

_ 2 __H_ ___t__ _

00081“ (100 GeV) + 0'543 ((175 GeV) 1)

— 0517 52494—224 0085 “3(MZ) 1 (11)
0.0280 ' 0.118 ’ '

where mt, MW, and MH are expressed in GeV units. This is usually plotted as

mt vs. MW, overlaid with bands that show the predicted MH: as in Fig. 1.1.

A “light” Higgs is favored, somewhere around 100 GeV, but with an uncertainty

also of 0(100) GeV. The Higgs mass prediction extracted from precision mea-

surements can be compared with the direct measurement of the Higgs mass at

the LHC and the consistency of the Standard Model test.
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Figure 1.1: Implication of precision measurement of mt and MW on the indirect

extraction of the Higgs boson mass. The Standard Model allows only the shaded

region.



2. Short lifetime: The top quark decays before it can hadronize, since its lifetime

IE1): (1.5 GeV)’1 ~ 5 x 10-25 see,

is much less than the QCD time scale

(3le = (200 MeV)_1 ~ 3 x 10—24 sec.

Therefore, there are no top mesons or baryons. As a result, the decay of top

quarks offers a unique window on the prOperties of a bare quark free from

the long-range effects of QCD, such as confinement. Since Ithl ~ 1, the top

quark decays almost 100% of time into a W-boson and a b—quark via the weak

interaction. Its decay width is, at the leading order,

 

3

rim—m = TII(_M)
W 't t

2 2 2 “2 M4

mb mb W W
X <——§) +<1+—2‘)—§-— "'7 . (1.2)

mt

2 2
Here /\(1:,y, z) = (a: — 312 — 22) — 431222. In the limit mb —> 0, the tree level

rate simplifies considerably, becoming

 

3 2 2 2

(0) + GFmt 2 MW 2MW
1‘ t-—+bW =———V —— 1+ . 1.3

Since the top quark decays into a W+ and a b with a branching ratio (BR) close

to one, top decays are distinguished by the W—boson decay products. The W+

will consequently decay into one of the three lepton doublets or one of the 2N0

light quark doublets (uaf and cs). Hence, the hadronic decays (W+ —+ qq’) are

dominant (with BR ~ 6/9). However, the leptonic decays (W+ ——» [+14 with

I? = e, n, ’7') generally provide a clean signature at a hadron collider.
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3. Spin correlation: Because of the very short lifetime, the top quark decays before

the strong interaction has time to depolarize its spin. (The spin-depolarization

time, (A220D/mt)—1 z (1.3 MeV)—1, is three orders of magnitude longer than

the top quark lifetime [3].) Furthermore, the weak decay of the top quark is

sensitive to its spin orientation; the angular distribution of the top quark’s decay

products acts as a spin analyzer. As a particle of exceptionally large mass, the

polarization analyses of the top quark can shed light on its anomalous magnetic

dipole moments, as well as on non-SM right-handed current admixtures to the

decay amplitude. In the SM, the W — t — b vertex is entirely left—handed, which

means that the top polarization information is passed on to its decay products,

the W boson and b quark. Being on-shell, the W boson’s helicity in top decay

is very different from that in the decays of any other quark, where the W boson

is highly virtual. The left-handed nature of the SM interaction demands that

the produced W bosons be either transversely left-handed or longitudinally

polarized when ignoring the b quark mass, and predicts the specific ratio of

£2 = m?
fL 2mg, + mt

2 70%. (1.4)

The degree of W polarization from top decays can be reconstructed by studying

the angle between the W momentum and the charged lepton momentum in the

W rest frame, because the IV helicity is correlated with the momentum of the

decay leptons: Right-handed polarized W bosons give rise to harder charged

leptons than left-handed polarized W bosons.

Due to the interesting features mentioned above, the top quark physics has drawn

much attention after its discovery. In fact, examining its production and decay char-

acteristics and accurately measuring its mass, polarization and other properties have

become one of the most important tasks of high energy physics in the last decade.
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Several properties of the top quark were studied at the Tevatron during the Tevatron

first run. For example, tf pair production cross section and its kinematical properties,

the top mass, tests of the SM t — b — W coupling via studies of W helicity in top

decays and spin correlations in tf production, etc. Needless to say, it will continue to

be the major issue at the LHC in the future*.

In hadronic interactions, the top quark is produced predominantly through the

Quantum Chromodynamics interaction (QCD): by ch annihilation (qq' —> ti) and by

gluon fusion (99 ——* tf). Though it is possible to study the decay branching ratios of

the top quark in tf pairs, to test the coupling of top quark with bottom quark (b)

and W gauge boson or to measure the width of the top quark in hadron collisions,

it is best to study the single-top quark production. In contrast to the top quark

pair production, the single top quark is produced through the electroweak interaction

connecting top quark to the down-type quarks, with amplitudes proportional to the

Cabibbo-Kabayashi-Maskawa (CKM) matrix elements. Furthermore, unlike the un-

polarized top quark pairs produced at the Tevatron and LHC which are unpolarized

beam machines, the top quark produced via single-top processes is highly polarized

due to the left-handed nature of charged weak current interaction. Its polarization

information remains among its decay products and can be studied from the angular

distributions of its decay particles. Hence, measuring the rate of the single-top event

can directly probe the electroweak properties of the top quark. For example, it can

be used to measure the CKM matrix element 1%, and to test the V — A structure

of the top quark charged-current weak interaction, or to probe possible CP violation

effects [4-6]. Apart from playing the role of a test of the Standard Model (SM),

the precision measurement of single t0p quark events has additional importance in

searching for new physics, because the charged-current top quark coupling (W-t-b)

 

’LHC is the proton-proton Large Hadron Collider at CERN



might be particularly sensitive to certain new physics via new weak interactions or

via loop effects, and new production mechanism can also contribute to the single top

event rate [7—23].

Because of the unique features of single top quark physics, it has been extensively

studied in the literature [18, 24—42]. Figure 1.2 shows the three separate single top

quark production processes of interest at the hadron collider, which may be charac-

terised by the virtuality of the W boson (of four momentum q) in the processes:

1. t-channel: q’b ——+ qt (including qb —+ q7t), cf. Fig. 1.2(a)

As the dominant process at the Tevatron and the LHC, the t-channel process

involves a spacelike W boson (q2 < 0). The virtual W boson strikes a b quark

in the proton sea, promoting it to a top quark. This process is also referred as

W-gluon fusion, because the b quark ultimately arises from a gluon splitting to

bb, cf. Fig. 1.2(b).

2. s-channel: q’q’ —+ W* —> tb , cf. Fig. 1.2(c)

As the sub-dominant process at the Tevatron and smallest process at the LHC,

the s-channel process involves a timelike W boson, q2 > (mt + mb)2 > 0. In

order to detect this process, double b—tagging is needed to suppress the huge

QCD backgrounds.

3. Associated production: by —> tW‘, cf. Fig. 1.2(d)

As the smallest (negligible) process at the Tevatron and a sub-dominant process

at the LHC, the Wt associated production process involves an on-shell W boson,

2
q = me' One of the initial partons is a b quark in the proton sea, as in the

t-channel process.

These three single top quark production mechanisms probe the charged-current inter-



action in different q2 regions and are thus complementary to each other. Among the

three processes, the largest cross section at both the Tevatron and the LHC is due to

the t-channel. The next largest cross section is from the s-channel at the Tevatron,

and from the tW associated production at the LHC. The s-channel production cross

section is small at the LHC because it involves a quark-antiquark collision. On the

other hand, associated production cross section is relatively large at the LHC because

the gluon parton distribution functions (PDF) grow more rapidly with decreasing :1:

than the light quark PDF. The s-channel and t-channel processes should be observed

for the first time in Run II at the Tevatron; whereas the observation of associated

production will likely have to await the LHC.

In Tevatron Run 1, searches for single top quark production were performed by

both the DO [43] and CDF collaborations [44]. At the 95% confidence level, the

D0 limit on the s-channel production is 17 picobarn (pb) and the CDF limit is

18 pb. At the same confidence level, the DO limit on the t-channel production cross

section is 22 pb and the CDF limit is 13 pb. Searches for single top quark production

in Run II have begun, and the limits from CDF are 13.6 pb in the s-channel and

10.1 pb in the t-channel [45]. The s-channel and t-channel single t0p quark processes

can be probed separately at the Tevatron by taking advantage of b—quark tagging

using displaced vertices and differences in the kinematic distributions of the b—tagged

and non-b—tagged jets. Usually, only one b-tagged jet can be expected in the t-channel

case while two b—tagged jets can be expected in the s-channel case. This is because the

b quark produced with the top quark tends to be collinear with the initial state gluon

in the t-channel, giving it a large pseudo-rapidity (n) and low transverse momentum

(pp) and thus making it challenging to b—tag this jet experimentally. It is important

to separate the two processes since they have different systematic uncertainties and

different sensitivities to new physics [42].
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Figure 1.2: Feynman diagrams of the single top quark production



Furthermore, single top quark production is also a very important background to

many searches for new physics. For example, the s-channel process is a significant

background to Higgs searches at the Tevatron in the production process qq' —> WH

with decay H —> bb [46—48] and other new physics searches [49]. At the LHC, the

Wt associated production is an important background to Higgs searches in the decay

channel H —-> WW [37] and the primary charged Higgs boson production channel

by —-+ tHi with Hit —> TV [50]. As the largest single top process, the t-channel

production is an important background to many new physics searches.

The extraction of a signal is more challenging for single top quark production than

for top pair production since there are fewer objects in the final state and the overall

event properties are less distinct from the large W+jets background. Therefore, a

calculation including higher order quantum Chromodynamics (QCD) corrections is

needed in order to make an accurate theoretical prediction. The next-to-leading

order (NLO) 0(a3) corrections to single top quark production have already been

carried out in Refs. [31,34], which shows an uncertainty on the total cross section

of about 5% by varying the factorization and renormalization scales. For the 3-

channel, multiple soft gluon resummation effects have been calculated [35]. In order

to confront theory with experimental data, where kinematical cuts are necessary in

order to detect a signal, it is crucial to accurately model event topologies of single

top quark events. For this, Refs. [51—53] have calculated the differential cross sections

for on-shell single top quark production. The complete NLO calculations including

both the single top quark production and decay have been done independently by two

groups recently [54—56]. In both calculations, the narrow width approximation was

adopted in order to link top quark production with its consequent decay [54,55]. In

Reference [56,57], we presented a detailed phenomenological analysis of the s-channel

and t-channel single t0p quark production at the Tevatron, focusing on signal cross
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sections and kinematical distributions.

The reminder of the thesis is organized as follows. In Chapter 2, we discuss a

formalism which calculates the complete next-to-leading order QCD corrections to

production and decay of single top quarks. In this formalism, the “modified” narrow

width approximation is used to separate the production of the top quarks from their

decay, and to incorporate the top quark width effects. In order to study the spin

preperties of the top quark, the helicity amplitude method is used to keep full spin

information for all final state objects. In Chapter 3, we present a calculation of the

next-to-leading order QCD corrections, with one-scale phase space slicing method,

to single top quark production and decay process 1313,1913 —+ tb + X —-2 béub + X at

hadron colliders. Using the helicity amplitude method, the angular correlation of the

final state partons and the spin correlation of the top quark are preserved. The effect

of the top quark width is also examined. In order to regularize divergencies in the

calculation, both the dimensional regularization (DREG) [58] and the dimensional re-

duction (DRED) [59] are used and the differences are shown in each individual form

factor. In Chapter 4, we calculate the inclusive cross section and discuss the (renor-

malization / factorization) scale dependence and the top quark mass dependence of

the cross section. In Chapter 5 and Chapter 6, the phenomenology of the s-channel

and t-channel single top physics is discussed, respectively. In Appendixes, the details

of the calculation are presented as well as other useful formulas.
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Chapter 2

Techniques of NLO calculation

2.1 Narrow width approximation

Although the top quark width is proportional to m? (I) 2 1.5 GeV), cf. Eq. 1.3,

it is still much smaller than top quark mass (mt = 178 GeV). The characteristic

time scale for the single top quark production is of order 1/mt while the time scale

for the decay is 1/I‘t. Therefore, radiation in the production and decay stages are

separated by a large time. This provides the motivation of using the narrow width

approximation (NWA) to study the production and decay of top quark, in which

the 0(as) corrections can be unambiguously assigned to both the single top quark

production process and the top quark decay process.

In the usual NWA, the top quarks are always on mass shell and the width is

identically zero. In that case gauge invariance requires only diagrams with one inter-

mediate top quark in the single top processes. Once the top quark is allowed to have

a finite width and be off-shell, non-resonant diagrams, those with the same final state

but no intermediate top quarks, can also contribute. However, in the region of inter-

est for single top physics, i.e. the region where the top quark is nearly on shell, the

pole in the intermediate top quark prepagator causes its contribution to dominate.

A finite t0p width will also result in a new type of virtual NLO Feynman diagram in

12



 
Figure 2.1: The representative Feynman diagrams of the interference effects at the

NLO. (a) virtual correction (b) real correction

which a gluon line is connected from the anti-bottom quark (of top quark production

process) to the bottom quark (of top decay), as shown in Fig. 2.1(a). There will also

be interference between the gluons emitted in the production and the gluon emitted

in the decay in the real NLO Feynman diagrams, as shown in Fig. 2.1(b). The poten-

tially dangerous region for this diagram is the one in which the emitted gluon is soft

therefore it is not confined to a time of order l/mt. Those effects are nonfactorizable.

Similar kind of effects also exists in 6+6“ —+ IV+W_ -—) 4f radiative corrections. It

has been shown that the nonfactorizable effects are small for infrared safe variables,

0(asf‘t/mt), as long as the process is not near threshold [60-62].
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Figure 2.2: Feynman diagrams of the Born level contribution to the production and

decay of single top quark. (a) s-channel (b) t-channel

The single top quark can be produced through s-channel and t-channel processes,

as shown in Fig. 2.2(a) and Fig. 2.2(b), respectively. Using the NWA, we decompose

the Born level processes depicted in Fig. 2.2 into two parts: the production and the

decay, as indicated by the symbol <8). Both the production and the decay matrices

are gauge invariant. Making use of the polarization information of the top quark,

we can apply the NWA to correlate the top quark production with top quark de-

cay processes by replacing the numerator of the top quark propagator (zit + mt) by

Z/\t = :l: uAt(t)1"1)‘t (t), where u)“ (t) is the Dirac spinor of the top quark with helicity

At, where At = + or — for right-handed or left-handed top quark, respectively. There-

fore, the scattering amplitude of the single top quark production and decay processes

can be written as [7]

M = Z MdeC(/\t)MpT0d()\t)a

At = :l:

where M()\t) is the helicity amplitude and /\t is the helicity eigenvalue of the single

top quark produced in the intermediate state. The matrix element squared can be

written as the product of the production part and the decay part in the density matrix

14



formalism:

2 ._
|M| _ Z: AAt,/\]B)\t,)\£, (2.1)

At, A; = :t

where

_ i I
Ayn)‘; — Mdec()‘t)Mdec()‘t)a (2-2)

BAty)‘; = M;od()‘t)Mpr0d(/\f)- (2-3)

Besides the matrix elements, the phase space of the single top quark process can also

be factorized into the top quark production and the t0p quark decay for a on-shell

top quark in the NWA. We can write the denominator of the top quark propagator

as

 
1 7r

(1 2 = —. 2.4

f p (P2 — mg? + 70ng mtrt ( )

When the matrix element is calculated using the fixed mt value, it is the usual

NWA method. In this case, the invariant mass of the top quark decay particles will

be equal to mt (a fixed value) for all events. Reconstructing the top quark invariant

mass from its decay particles is an important experimental task at the Tevatron

and the LHC, it is desirable to have a theory calculation that would produce the

invariant mass distribution of the reconstructed top quark mass with a Breit-Wigner

resonance shape to reflect the non-vanishing decay width of the top quark (for being

an unstable resonance). For that, we introduce the “modified NWA” method in our

numerical calculation in which we generate a Breit-Wigner distribution for the to

quark invariant mass in the phase space generator and then generated the squared

matrix element according to Eq. 2.4 with mt being the invariant mass generated by the

phase space generator on the event-by-event basis. In the limit that the total decay
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width of the top quark approaches to zero (i.e., much smaller than the top quark

mass), the production and the decay of top quark can be factorized. Therefore, the

S-matrix element for the production and the decay processes are separately gauge

invariant with any value of top quark invariant mass. We find that the total event

rate and the distribution of various kinematics variables (except the distribution of the

reconstructed top quark invariant mass) calculated using the “modified NWA” method

agree well with that using the NWA method. In the NWA method, the reconstructed

top quark invariant mass distribution is a delta-function, i.e., taking a fixed value,

while in the “modified NW ” method, it is almost a Breit-Wigner distribution.

Below, we give the explicit Born level helicity amplitudes of the single top quark

production and decay, respectively.

2.1.1 Helicity matrix elements of single top quark production

The helicity amplitudes for the s-channel single top quark production can be written

as following:

2 (t+|af+) (u+Ib—) wt_
 

 

Miro‘ipt = +) = 8 __ m2 , (2.5)

w

2 t— J . B— ‘
Mgrod(/\t = _) = < [ +> <u+i >w+’ (2.6)

_2
smw

where we have suppressed, for simplicity, the common factor \/2—E;\/2?J\/2—E_, and

the coupling constants (—z'g/\/2)2. Here, 3 = (pu + pg)2, g is the SU(2) coupling

constant, mw denotes the mass of W-boson, and w; = M, where Et and p";

are the energy and momentum of the top quark, respectively. The meaning of the bra

and ket in the above helicity amplitudes is summarized in Appendix A. We note that

u, cf,t and 5 within the bra (<|) and ket (]>) denote the normalized three-momentum
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of the particle, c.f. Eq. (A.1).

For the t-channel single top quark production process, the helicity amplitudes are

 

 

given by

2 11+ b— t+ d+ wt.

t— mW

2 21+ b— t— d+ wt

_2
th

where we have also suppressed the common factor N/2Eu\/2Ed\/2Ebi the coupling

- 2

constants (~31) , and t = (pu — pd)2.

«2

2.1.2 Helicity matrix elements of top quark decay

For the top quark decay process, the helicity amplitude are given by

—2 b’— + + t+ t
MdeC(/\t : +) : 2< [V2 ><€' [ >W_, (29)

pW — mW + szI‘W

 

—2 b’— t— t

MdeC(,\t = _) = 2< I”? “Bil ”it, (2.10)
pW — mW + szFW

 

where we have suppressed the common factor \/ 2Ee\/2EV, /2Eb/, the coupling con-

- 2
z

stants (—\—/_g§) , and my and PW denotes the 4-momentum and the total decay

width of W-boson, respectively. For simplicity, we only consider the leptonic decay

mode of W boson , i.e. W+ —+ WV.
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2.2 Regularization schemes and 75 problem

In the perturbative treatment of local quantum fields beyond the tree level, the oc-

currence of ultraviolet and infrared divergences has led to the development of various

regularization schemes. Among these methods dimensional regularization (DREG)

has become a standard tool. The most important feature of this scheme is the concept

of analytic continuation of the dimension of space time to n (n = 4 for usual space

time). This procedure of regularization has the advantage of preserving the local

gauge invariance of the underlying Lagrangian, and permits us to treat, in a gauge

invariant way, divergent Feynman integrals to all orders of perturbation theory [58].

In the context of supersymmetric theories, it has been shown that DREG will not

display gauge invariance with respect to supersymmetry transformations. In order to

treat Bose and Fermi degrees on the same footing, dimensional reduction (DRED) is

proposed by Siege] [63] and has been further studied by other authors [64]. It con-

siders the analytic continuation of all momenta to space-time dimensions 71 = 4 — 25

while the spin degrees of freedom stay in four-dimensional Minkowski space. The

familiar four—dimensional Dirac algebra is then essentially maintained and a great

technical advantage is obtained. The equivalence of the dimensional Reduction and

the dimensional regularization has been proved to all orders in perturbation theory

and for a general renormalizable theory [65].

The difference between DREG and DRED is how to treat the dimensional contin-

uations when transferring from 4 dimensions to 71 dimensions. There are two parts to

dimensional continuation: the continuation of the momenta and the continuation of 7

matrices. The continuation of the momenta is unique, but there are various methods

for continuing the 7 matrices. The choice of latter defines which dimensional method

is used.
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2.2.1 Dimensional regularization scheme

In DREG one continues the metric tensor and the 7 matrices to n dimensions,

an
9n guy ”’9

7“7 " + 7V7” = 295”-

Here, 95,“, denotes the n-dimensional metric tensor. For unpolarized QCD processes,

dimensional regularization preserves all the necessary invariance and symmetries for

doing calculations to any order in as. But in order to derive the fully differential cross

section and study the spin correlation of the single top process, one must confront the

basic problem of any polarized process, the ambiguity associated with defining the 75

matrix, or EW’V’ tensor, in 71 dimensions. Because of the presence of the axial-vector

current in the single top quark process, a prescription to handle the 75 matrices in

n(= 4 —— 26) dimensions has to be chosen. There exist two alternative definitions of

the 75 matrix in 71 dimensions.

1. Naive-75 scheme [66]: taking the 75 anti-commuting with all the other 7-

matrices

7% = 1,

{75,711} = 0-

In this scheme, massless quark helicity is conserved, but there are known math-

ematical inconsistences if traces with only odd 75 occur.

2. t’Hooft-Veltman scheme [58]: formally taking it > 4 (with regards to the tensor

algebra) and keeping the 75 and EMA” in four dimensions so that

{75,711} = 0: u S 4.

[75,711] = 0: u>4,
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which follow from the definition

1'

where €111H2M3H4 = 0 for 11,- > 4, but it is the usual Levi-Civita tensor for

#1 S 4.

2.2.2 Dimensional reduction scheme

DRED is the most widely used scheme for preserving supersymmetry. The rules

for dimensional reduction follow from viewing it as a compactification of a four-

dimensional theory to n < 4:

1. As in ordinary dimensional regularization, all momentum integrals are inte-

grated over n-component momenta. Any Kronecker (5]:‘8 resulting from the

integration are n-dimensional,

_ (71)
pH 2 p11. 9

W (n) _
90,)ng — Tl.

This is necessary for maintaining gauge invariance.

2. All indices on the fields, and on corresponding matrices coming from the action,

are treated as four-dimensional indices,

4

711 5 71(1)-

This is for preserving supersymmetry.

We can decompose the four-dimensional space into the direct sum of n- and 2e-

dimensional subspaces [67],

4-:—.nEB(4—n)=n€})2e.
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Consequently, we may split the 4-dimensional Lagrangian into two pieces:

£(4) = £(") + £95).

The exact expressions of the Lagrangian are not shown here, but one should note

that the conventional dimensional regularization amounts to using U") and discard—

ing £05), while the dimensional reduction include both. The additional contributions

from [3(26) are precisely what is required to restore the supersymmetric Ward iden-

tities at one loop in supersymmetric theories. The orthogonality between these two

subSpaces,

2

ggn)ug/(1V€) E 0:

enables us to get the following relations:

[7,822.16] ___ 0,
(2.11)

{7132”,75")) = 0,
(2.12)

[7182217182] 2 293/6),
(2.13)

9,326» = 0,
(2.14)

$20796)” = 26
(2.15)

)l/

As a result, any four-dimensional Kronecker (5,34 contracted with a n-dimension

(n)
momentum 1),, yields a n-dimensional momentum,

624W???) = 1751”)-

Similarly, for any four-dimensional vector, 5Z1), the dot product with a n—dimensional

vector yields a n-dimensional dot product,

5?4)P[1n) : EZz)Pi1n)'
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Figure 2.3: Feynman diagram for qq’ ——> W+.

2.2.3 Conversion between DREG and DRED

There is no ambiguity of defining 75 in the DRED scheme since all the 7-matrices

are well defined in the four dimensions, but it inevitably requires certain ultraviolet

counterterms to restore the gauge invariance in calculating the virtual corrections.

The counterterms are the same in both unpolarized and polarized processes [68].

Let us use the Drell-Yan process (qq’ ——> W+), as shown in Fig. 2.3, to illustrate

it. In the DRED, the amplitude is

. dnk 17(p1)7p(16+ 141+ 22),uPL 16701012) ...
= —2— 2C I!

M figs F/ (271)” k2(k+p1)2(k+p1 +192)2 (q)

p

2 . 92wa /(dnk v (111 )27(p (16+ 151+ 162m 167 UIP2)PL€*#(q),

271) " k (16+111)2 (IIC+191+192)2

 

 

_ ’75
 

1

where q = p1 + p2 and PL = . The tensor in numerator can be reduced as

7pU¢+ 141+ 22mm 167”

= —4k,. 1+ 27.. if K + 27.. 16 1. (216)

”/1

22



After integrating over the virtual momentum k, we obtain

n), = —47(4)Vg$,)024 + 27[,4)7,(,4)7[,4)g(“)p"024 + finite

twat/911+iii4>14>14>g<n>w+m (2.17)
\—-~-——-’

I II

where 024 is the Passarino-Veltman scalar function [69], cf. Appendix C. In the last

step, we have used the property of 024 scalar function, 024 cc 1/46. As shown in

the term I in Eq. 2.17, integrating over the virtual momentum generates 91(3): which

will be contracted with four—dimensional 7-matrices. This can lead to a term ~ 7,826)

which violates the gauge invariance, therefore needing a counterterm to remove it.

For term II in Eq. 2.17, there is no need to introduce the counterterm because 7), is

already in four dimensions.

0 Term 1:

After introducing the counterterm (in), as

6n). = {724953) — 9,92), (2.18)

we get

"11(1) + 6n), = —%7[,4). (2.19)

0 Term II:

Using the symmetry between the “dummy” index 1/ and p, we rewrite the term

IIas

1 V 71 € 71 V

”11(11) = 71(14)§[7b4),7,()4)]9(") ’0 = 75/4) [95/12) 6991(5)] g( ) p

2 7,34) 7,, (2.20)

23



Substituting Eqs. 2.19 and 2.20 into Eq. 2.17, we obtain

1

——7[,4)(4 — 26) + finite

2c

1 .
= -7), —- 7,) -I- finite.

c

1

It is very clear that the counterterm we introduced in Eq. 2.18 only gives a finite

contribution, a constant “—1” always coming together with 1/6 or 4C24. Therefore,

for the virtual correction, we can easily restore gauge invariance by replacing

4C24 —> 4024-1.

In perturbative QCD, with the evaluation of the loop corrections one does not

yet obtain the physical cross section. One has to add the real emission contribution

as well to cancel the soft and collinear singular terms between the virtual and real

corrections after trivial ultraviolet renormalization. The remaining collinear singu-

larities are subtracted into the definition of parton distribution functions (PDFs), i.e.

the physical cross sections of infrared safe quantities are obtained by folding the finite

hard scattering cross section with PDFs. Although the analytic expressions for the

soft and collinear contribution are universal (process independent), they depend on

the regularization scheme used. In order to calculate the real emission contribution

in 71 dimensions, we must first give the general form of n-dimensional Altarelli-Parisi

splitting functions [70], Pig“)(z), related to the probability of parton j splitting into a

collinear parton 2' having momentum fraction 2, plus an arbitrary final state carrying

the rest of the momentum. Hence, we may write the splitting in DREG scheme as

P.(.’")(z, c) a raffle) + epjffk-) (2.21)

P,IJ-)RED(2, e) = raffle), (2.22)
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since all the spinors and vectors are handled in four dimensions. As an example, we

present the relation between the Wilson coefficient functions of the Drell-Yan process

qq’ ——+ W(g) in these two schemes:

"I 7

cm -:W(g) _ qq -rW(g) “3 (26) as (26) 0‘s

x. v J \_—W——/

Real Virtual

 

(2.23)

After adding the virtual correction counterterm and subtracting the c-term in the

splitting kernel, we obtain the result in the DREG scheme which can be convoluted

with the usual modified minimal subtraction (MS) factorization scheme PDFs. In

order to convert results calculated in DRED to the corresponding DREG MS results,

one simply replaces

in the factorization counterterm. Bearing in mind that the usual PDFS are defined in

the DREG (m) scheme, we need understand how to relate the DRED parton distri-

bution functions to those in DREG (MS). Noting that the bare parton distribution

function, ftp/14(2), is factorization scheme independent, we obtain

0 dyf 4 a:

1,724> = 1,7250 up) Egg/1311,1720uF>P,-‘,’(;),

at

1573,11) = 157119001). 23/1,,yr1,1751%may)?

(2.25)
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Hence, we derive

fil/DfEDCE, #F)

——,-1>:S($ MF)

(1

23-33;] ‘yy{37%w»:P”) <3>- ffifiwvwwfi-‘Jméli

d

”—3—{45(113,HF)Z;:/1yyfj/A(x_“F)Pig'2€)(i;')+0(ag)° (236)

where 11F is the factorization scale and

C _ 47m% 6 F(1- e)

6 — may, PU -- 26).

In Eq. 2. 26 we have ignored the differences between

 

fTI/_IS( ijRED<

:13HF) and 33,111?)

which come from the higher order contributions.

2.3 Phase space slicing method

The construction of a flexible event generator requires the generation of partonic fi-

nal states with a minimal amount of implicit phase space integration. At the leading

order this is trivial, but in the calculation of NLO QCD corrections, one generally

encounters both ultraviolet (UV) and infrared (IR) (soft and collinear) divergences.

The former divergences can be removed by proper renormalization of couplings and

wave functions. We don’t need to renormalize the couplings in our calculation be-

cause the Born level couplings do not involve QCD interactions. In order to handle

the latter divergences, one has to consider both virtual and real corrections and

carefully handle the cancellation of divergences between the soft and collinear con-

tributions and the virtual corrections. The soft divergencies will cancel according to
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the Kinoshita—Lee—Nauenberg (KLN) theorem [71,72], but some collinear divergencies

remain uncancelled. In the case of considering the initial state partons, one needs to

absorb additional collinear divergences to define the NLO parton distribution func-

tion of the initial state partons. After that, all the infrared-safe observables will be

free of any singularities. To calculate the inclusive production rate, one can use di-

mensional regularization to regularize divergencies and adopt the modified minimal

subtraction (Mg) factorization scheme to obtain the total rate. However, owing to

the complicated phase space for multi-parton configurations, analytic calculations are

in practice impossible for all but the simplest quantities. During the last few years,

effective numerical computational techniques have been developed to calculate the

fully differential cross section to NLO and above. There are, broadly speaking, two

types of algorithm used for NLO calculations, differing in how they approximate the

phase space and matrix elements in the neighborhood of divergent regions:

1. The phase space slicing (PSS) method is based on approximating the matrix

elements and the phase space integration measure in boundary regions of phase

Space so integration may be carried out analytically [73—78].

2. The subtraction method is based on adding and subtracting counterterms de-

signed to approximate the real emission amplitudes in the phase space boundary

regions on the one hand, and to be integrable with respect to the momentum

of an unresolved parton on the other [79—85].

The phase space slicing method makes use of a combination of analytic and Monte

Carlo integration methods, which has many advantages over a purely analytic calcu-

lation. The Monte Carlo approach allows one to calculate any number of observables

simultaneously by simply histogramming the appropriate quantities. Furthermore,

it is easy to tailor the Monte Carlo calculation to different experimental conditions,
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for example, detector acceptances, experimental cuts, and jet definitions. Also, with

the Monte Carlo approach one can study the dependence of the cross section on the

choice of scale and the size of higher order quantum corrections in different regions

of phase space. The basic challenge is to design a program which retains the ver-

satility inherent in a Monte Carlo approach while ensuring that all of the required

cancellations of singularities still take place.

In this study, we use the phase space slicing method with one cutoff scale for which

the universal crossing functions have been derived in Refs. [76—78]. The advantage

of this method is that, after calculating the effective matrix elements with all the

partons in the final state, we can use the generalized crossing property of the NLO

matrix elements to calculate the corresponding s-channel or t-channel matrix elements

numerically without requiring any further effort. The validity of this method is due

to the property that both the phase space and matrix element for the initial and final

state collinear radiation processes can be simultaneously factorized. Below, we briefly

review the general formalism for the NLO calculation in PSS method with one cutoff

scale.

The phase space slicing method with one cutoff scale introduces an unphysical

parameter 3min to separate the real emission correction phase space into two regions:

1. the resolved region in which the amplitude has no divergences and can be inte-

grated numerically by Monte Carlo method;

2. unresolved region in which the amplitude contains all the soft and collinear

divergences and can be integrated out analytically.

It should be emphasized that the notion of resolved/unresolved partons is unrelated

to the physical jet resolution criterium or to any other relevant physical scale. In

28



the massless case, a convenient definition of the resolved region is given by the re-

quirement sij > 3mm for all invariants sij = (p,- + pj)2, where p,- and pj are the

4—momenta of partons 2' and j, respectively. For the massive quarks, we follow the

definition in Ref. [86] to account for masses, but still use the terminology “resolved”

and “unresolved” partons. In the regions with unresolved partons, soft and collinear

approximations of the matrix elements, which hold exactly in the limit 3mm ——> 0, are

used. The necessary integrations over the soft and collinear regions of phase space can

then be carried out analytically in d = 4 — 2e space-time dimensions. One can thus

isolate all the poles in e and perform the cancellation of the IR singularities between

the real and virtual contributions and absorb the leftover singularities into the parton

structure functions in the factorization procedure. After the above procedure, one

takes the limit 6 —+ 0. The contribution from the sum of virtual and unresolved region

corrections is finite but 3mm dependent. Since the parameter 3mm is introduced in

the theoretical calculation for technical reasons only and is unrelated to any physical

quantity, the sum of all contributions (virtual, unresolved and resolved corrections)

must not depend on 8mm. The phase space slicing method is only valid in the limit

that 3min is small enough that a given jet finding algorithm (or any infrared-safe

observable) can be consistently defined even after including the experimental cuts.

In general, the conventional calculation of the NLO differential cross section for a

process with initial state hadrons H1 and H2 can be written as

Mfifg Z/d$1d$2fa((171 HFlfH2(3'32 HF)d0NLO($1,$2,MR), (227)

where a, b denote parton flavors and 331,1:2 are parton momentum fractions. ff! (:13, ,up)

is the usual NLO parton distribution function with the mass factorization scale 11F

and dO’gLO($1,$2, #R) is the NLO hard scattering differential cross section with the

renormalization scale (‘12- The pictorial demonstration of Eq. (2.27) is shown in the
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Figure 2.4: Illustration of the PSS method with one cutoff scale to describe the

processes with initial state massless quarks. Here, only half of the real emission

diagrams is shown. In this paper, we will assign the particle’s momentum such that

the initial state particle’s momentum is incoming to the vertex while the final state

particle’s momentum is outgoing.

upper part of Fig. 2.4.

Contrary to the conventional calculation method, the PSS method with one cutoff

scale will firstly cross the initial state partons into the final state, including the virtual

corrections and unresolved real emission corrections. For example, to calculate the

s-channel single top quark production at the NLO, we first calculate the radiative

corrections to W* —+ (”7(9), as shown in the lower part of the Fig. 2.4, in which we

split the phase space of the real emission corrections into the unresolved and resolved

region. After we integrate out the unresolved phase space region, the net contribution

of the virtual corrections and the real emission corrections in the unresolved phase

Space is finite but. theoretical cutoff 8mm dependent, which can be written as a. form
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factor (denoted by the box in Fig. 2.4) of the Born level vertex.

Secondly, we take the already calculated eflective matrix elements with all the

partons in the final state and use the universal “crossing function”, which is the

generalization of the crossing property of the LO matrix elements to NL0, to calculate

the corresponding matrix elements numerically. Once we cross the needed partons to

the initial state, the contributions from the unresolved collinear phase space regions

are different from those with all the partons in the final state. These differences are

included into the definition of the crossing function as well as the mass factorization

effects, as shown in the middle part of Fig. 2.4. Here, we only present the explicit

expressions of the crossing function, while the definition and detailed derivation of

the crossing function can be found in Ref. [77]. After applying the mass factorization

in a particular scheme, the crossing functions for an initial state parton a, which

participates in the hard scattering processes, can be written in the form:

N

Cachemewmm...) = (Q—ff) [Am uF)1og(§;——") +Bzcheme<az,up) , (2.28)

where

11mm.) = ZAP—Mam, (2.29)

P

Bachemewm = ZBzflzmew1. (2.30)

and NC denotes the number of colors. The sum runs over p = q, (j, g. The functions A

and B can be expressed as convolution integrals over the parton distribution functions

and the explicit forms are shown in Appendix B. Although Aa is scheme independent,

Ba does depend on the mass factorization scheme, and therefore so does the crossing

function.
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After introducing the crossing function, we can write the NLO differential cross

section in the PSS method with one cutoff scale as

NLO
dO'HlH2

=Zb/dx1d$2fal($1 #FlfbH2(5132 #F)d0NLO(IB1,$2,HR)

H H H H

+ aSmR) [ca letmfb 2(1‘2.uF) + fa Mama, 2(x2,up>]da:b0(x1,x2).

(2.31)

Here dagLO consists of the finite effective all-partons-in-the-final-state matrix ele-

ments, in which partons a and b have simply been crossed to the initial state, i.e.

in which their momenta —pa and -pb have been replaced by pa and pb, as shown

in the Fig. 2. 4. The difference between daNLO and dO'NLO has been absorbed into

the finite, universal crossing function CC? (:17, up). Defining a “effective” NLO parton

distribution function $31613) as

35%) = 1%. up) + 013(me (x, W) + Oct), (2.32)

we can rewrite Eq. (2.31) in a simple form as

dofiff’f Z/ dwldsczfa (x1)f,f’(x2>daa’iw<x1,x2). (2.33)
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Chapter 3

NLO matrix elements of Single top

quark production and decay processes

Beyond the leading order, an additional gluon will be radiated from the quark lines

or appear as the initial parton in the single top quark process . Since the single top

quark can only be produced through the electroweak interaction in the SM, we can

further separate the single top quark processes into smaller gauge invariant sets, even

at the NLO. Taking advantage of this property, in the first part of this Chapter we

separate the s-channel and t-channel single top quark processes into smaller gauge

invariant sets of diagrams to organize our calculations.

3.1 categorizing the single top quark processes

Here, we separate the NLO s-channel and t-channel single top quark processes into

smaller gauge invariant sets of diagrams to organize our calculations. The s-channel

diagrams at NLO consist of all the virtual correction diagrams as well as the Feynman

diagrams of the following real correction processes:

qq’ —» W*g —1 Bgt(—> bw+), (3.1)

cm —* W*q’ —> Bq’t(-> bw+), (3-2)
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gq’ —+ W*q 4511-24—4 bw+), (3.3)

qql —+ W* —> 5gt(—+ bW+), (3.4)

ch’ —> W* -—> fit(——> bW+g) (3.5)

with the gluon connected only to q,q’ lines in (3.1)-(3.3) and the gluon connected

only to t,5 lines in (3.4) and the gluon connected only to t,b lines in (3.5). We

note that diagrams (3.2) and (3.3) do not include those in which the gluon line is

connected to the final state f) and t line, for those are part of the NLO corrections to

t-channel process as shown in Eqs. (3.8) and (3.9). To facilitate the presentation of

our calculation, we separate the s-channel higher order QCD corrections (including

both virtual and real corrections) into the following three categories:

0 corrections to the initial state of the single top quark production (INIT), in

which the gluon is only connected to the initial state light quark (q, (7') line,

0 corrections to the final state of the single top quark production (FNAL), in

which the gluon is only connected to the final state heavy quark (t, 5) line of

the single top quark production,

0 corrections to the decay of the top quark (SDEC), in which the gluon is con-

nected to the heavy quark (t, 1)) line of the top quark decay,

as illustrated in the upper part of Fig. 3.1 in which the blobs represent the higher

order QCD corrections. The explicit real emission diagrams for the s-channel process

can be found in Fig. 3.2.
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Figure 3.1: The way we organize our calculations at the NLO. The blobs in the

diagrams denote the higher order QCD corrections, including both virtual and real

emission contributions.

The NLO t—channel real correction processes for the top quark production and

decay are

bq —’ q'gt(—> bWJ"). (3-6)

33’ —» (jgl(—> bw+). (3.7)

(19 —1 (1’5l1(—> WW), (3-8)

(79 —> GEM-2 bWW (3-9)

by —> (7(1/((—> I)W+), (3.10)

bq -» q't.(—1 bw+g). (3.11)

bq’ —» ql(—1 bw+g). (3.12)

Here the gluon is connected to both q, (1’ lines and Al.) lines in (3.6, 3.7), but only to

t.b lines in (3.8, 3.9). In (3.10), we restrict the gluon to be connected only to q,q’

lines. When the gluon in (3.10) is connected to t, b lines, it corresponds to the process

by —> tW with W —> rjq’, therefore it is not included here. As done in the s-channel

case, we separate the processes (3.6—3.12) into the following categories:

0 the one in which the gluon is connected to the (1,(1’ light quark lines (LIGHT),
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o the one in which the gluon is connected to the t, 5 heavy quark lines (HEAVY),

0 the one in which the gluon is radiated from the t,b heavy quark lines of the

on—shell top quark decay processes (TDEC),

as illustrated in the lower part of Fig. 3.1. The explicit real emission diagrams for

the t-channel process can be found in Fig. 3.3.

3.2 Form factor formalism for SCV corrections

As we pointed out in Sec. 2.3, NLO QCD corrections in the PSS method can be

separated into two parts: (I) the resolved real emission corrections and (II) the virtual

correction plus the unresolved real (soft+collinear) emission corrections, denoted by

“SCV”. After integrating out the virtual gluon and the unresolved partons, the SCV

corrections can be written as form factors multiplying the Born level vertex. The form

factors either modify the Born level coupling or give rise to new Lorentz structure

of W coupling to fermions. In this section, we will write down the most general

form factors of the single top quark processes and show their contribution to the

helicity amplitudes for both the s-channel and the t-channel processes explicitly. It

is worthwhile to mention that the form factor formalism presented here can be easily

extended to study new physics models whose effects can also show up as the form

factors.

3.2.1 NLO corrections to INIT

Higher order QCD corrections to the diagrams labelled as INIT in Fig. 3.1 do not

change the Lorentz structure of the DV” — u — of coupling. Therefore the most general
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o the one in which the gluon is connected to the t, 5 heavy quark lines (HEAVY),

o the one in which the gluon is radiated from the t,b heavy quark lines of the
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as illustrated in the lower part of Fig. 3.1. The explicit real emission diagrams for

the t-channel process can be found in Fig. 3.3.
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correction plus the unresolved real (soft+collinear) emission corrections, denoted by

“SCV”. After integrating out the virtual gluon and the unresolved partons, the SCV

corrections can be written as form factors multiplying the Born level vertex. The form

factors either modify the Born level coupling or give rise to new Lorentz structure

of W coupling to fermions. In this section, we will write down the most general

form factors of the single top quark processes and show their contribution to the

helicity amplitudes for both the s-channel and the t-channel processes explicitly. It

is worthwhile to mention that the form factor formalism presented here can be easily

extended to study new physics models whose effects can also show up as the form

factors.

3.2.1 NLO corrections to INIT

Higher order QCD corrections to the diagrams labelled as INIT in Fig. 3.1 do not

change the Lorentz structure of the W* — u — d coupling. Therefore the most general
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form of the initial state contribution can be rewritten as

‘zi’Y’JPLIL, (3.13)

J?

where IL denotes the effective form factor that includes the higher order corrections.

Denoting the helicity amplitude as MINIT(/\t) with t helicity At = :t1 and sup-

 

pressing, for simplicity, the common factor \WZEu \/2Ed\/2E5, the coupling factors

2

(ii) and the propagators

\/§

1

s — ma,

with s = (Pu + pg)2, we obtain the helicity amplitudes which include higher order

corrections to the initial state of the s-channel single top quark production as follow-

ing:

M1N1T(+) = 21L (1443+) (mm->135, (3.14)

MIN1T(-) = 21L (t—Icf+> (u+|5->wi, (3.15)

where wti = 4/Et i lpt I, of. Appendix A.

Needless to say, up to the NLO, the decay matrix elements in this case are taken

to be the Born level ones as given in Eqs. (2.5) and (2.6).

3.2.2 NLO corrections to FNAL

:1:

In the limit that the bottom quark mass is taken to be zero , the most general

W* —- t — b coupling, labelled as FNAL in Fig. 3.1, is

7:9 L* R* (tfl — EM) R* Ink }
—— F P + F P — —— F P + F P , 3.16flhn L IR) W (2 L 2 R) ( >

'We take the bottom quark mass to be zero throughout our calculation because (mb/m¢)2 can

be ignored numerically. Strictly speaking, as 111(mb) terms have been included in the definition of

NLO PDF.
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where the star in the superscript indicates taking its complex conjugate. This is

different from the coupling in Eq. (3.13) because the top quark mass is kept in the

calculation, though the bottom quark mass is taken to be zero. Because the charged

current interacts with massless quarks in the initial state, one can use the on-shell

condition of the massless initial state quarks to rewrite Eq. (3.16) as

% {W(FIMPL + F1R*PR) + 5,)(FzR*PL + F2L*PR)}, (3.17)

where the mW has been absorbed into form factors F2R* and F21”. Denoting the he-

licity amplitude as MFNALO‘Ba At), we obtain the helicity amplitudes which include

higher order corrections to the s-channel single top quark production as following:

MFNAL(-,-) = 2F1L*<t—|J+><“+|5—>wi

+ F2*(J—)mu—)(t—(5—)wt_, (3.13)

MFNAL(+,-) = 217112”: (t-lu—> <3-|5+>wt—

+ F2*(J—|B1u—)(t—|B+)wi, (3.19)

MFNAL(—,+) = 2F1L*(t+|J+)(u+|B—)wt_

+ Ff*(J—|mu—)(t+|5—)wg_, (3.20)

MFNAL(+,+) = 2175* <t+lu—><J—|5+>w-t+

+ F2“ (J—l (9111—) (t+|6+)wt_. (3.21)

Again as before, we have suppressed the common factor \/2Eu(/2Ed, /2E-, the cou-

2

pling factors (ii) , and the propagators

\/§

 

33—7le

with s = (pu +pJ)2.
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3.2.3 NLO corrections to LIGHT

The effective form factor for u — W* — d, labelled as LIGHT in Fig. 3.1, takes the

exact form as W* —— u — d in Eq. (3.13). Hence, the helicity amplitudes ML[GHT()\t)

for the t-channel single top quark production are given as follows:

MLIGHT(+) = 2LL (t+|d+) (u+Ib—)wi_, (3.22)

MLIGHT(—) = 2LL (t-|d+> <U+|b—> 63+: (3-23)

where LL is the effective coupling induced by higher order corrections. Again, we

 

2

have suppressed the common factor \/2Eu \/2Ed \/2Eb, the coupling factors (ii)

\/§

and the propagators

1

2

 

With t = (Pu “ pd)2-

3.2.4 NLO corrections to HEAVY

The effective form factor for b— W* —t, labelled as HEAVY in Fig. 3.1, takes the exact

form as W* — t — b in Eq. (3.17). Hence, the helicity amplitudes MHEAVYO‘b, At)

for the t—channel single top quark production are given as follows:

MHEAVY(—a—) = 2H1L*<t—|d+><U+lb—)wi

— H§*<d—IMu—><t—Ib—>wi, (3.24)

MHEAVYH, —) = 2175* (t—I’u—) (d-|b+>wt—

— H%*<d—IMu—><t—Ib+>wi, (3.25)

MHEAVY(_1+) = 2H11” (t+|d+> (n+lb-lwt—

- Hf“ <d—I Mu—> <t+Ib—>wf., (3.26)
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MHEAVYH, +) = 2H1 * (”I’d-l (d-|b+>wi

— H? <d-l 1421—) <t+|b+>wt_, (3.27)

where H11”’2R denote the effective couplings induced by higher order corrections. Here,

 

2

we have suppressed the common factor \/2Eu \/2Ed \/2Eb, the coupling factors (ii)

\/§

and the propagators

1

2

 

With t 2 (Pu - pdl2°

3.2.5 NLO corrections to top quark decay

The most general t—b—W coupling, labelled as DEC for both s-channel and t-channel

processes, is

2'9

75 {WWi’PL + 1351312) - (311(1)ng + 03%)}, (3-28)

where D521? denote the form factors which include higher order QCD corrections.

Denoting the helicity amplitude as MDEC(/\t, Abz), we obtain the helicity amplitudes

which include higher order corrections to single top quark decay process as follows:

MDEC(-,—) = -2131L (b'—|V+)(€+|t—>Wi

+ D§<v—Ib’Ie—><b’-It—>w‘_, (3.29)

MDECH. —) = —2Df <b’-Iv+> <e+lt+> wt.

+ D§(u-| V|e—)(b’—|t+)wi, (3.30)

MDEC(—,+) = —2D{i(b’+(e—)(u—|t—)wi

+ D2L(u—|y|e—)(b’+|t—)wi, (3.31)

MDEC(+, +) = 4fo (b’+|e—) (V—|t+) wi

+ D§(u—|y|e—)(b'+|t+)w‘_, (3.32)
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2

where we ignore the common factor \/ 2E6 V ZEN/2135!, the coupling factors (2%)

and the propagator

1

(2 —m2 )+7'm FPW W , W W

 

with pw = 226+ + p...

The category SDEC (or TDEC) in Fig. 3.1 is obtained by convoluting the 3-

channel (t-channel) Born level helicity amplitudes (c.f. Eqs. (2.5) and (2.6) or Eqs. (2.7)

and (2.8)) with the corresponding DEC amplitudes listed above.

3.3 Helicity amplitudes of resolved contributions to

single top quark production and decay

Here, we present the helicity amplitudes of resolved corrections for each category

defined in Sec. 4.3.

3.3.1 NLO corrections to INIT

The Feynman diagrams of the initial state real emission corrections are shown in

Figs. 3.2(a)-(f). At the NLO, a hard gluon can be radiated from initial state quark

line, or a quark can be radiated from the gluon splitting. We separate the NLO INIT

real emission corrections into three categories:

INI — A : ch’ —+ W*g —-> tgg, including (a) and (b),

INI — B : qg ——> W*q' —> tEq’, including (o) and (d),

INI — C : (319 —+ W*cj ——> tij, including ((3) and (f),

which are separately gauge invariant. Denoting the helicity amplitude as MfiyBI’CO‘t),

we calculate the helicity amplitudes for a given helicity state (At) of the top quark,

which are listed as follows.
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The helicity amplitudes for INI A are :

MfNIH) = 2wt_{-<J—ltfi><

MfNfl-l =

5H IL f+lU—>
 

p2

 

q

+(5+|u—> (J—lq f1. ¢_|u—) },

 

2

M {<J—It+> (5+1 4- f+|u—>

P

 

2

_<5+lu—> («i—I f+ we},

‘1

with p =pu —p9 and q =pJ—pg.

The helicity amplitudes for INI B are :

M?NI(+) = 2wt_{—

Mfiwm = 2wi{

<5+lu—> (d-l ¢+ LIP)
 

[)2

 
+<d—It—> @212 q_ ¢+Iu->

},

 
_<5+Iu—> <d’—I 1+ ¢_lt+>

I?

 

+<d—It+> (My- mm},

C]

withp=pg —pd and q =pg +pu.

The helicity amplitudes for INI C are :

M9N1(+) = 2wt_{

_<5+|fi-> (CZ—l ¢+ d_|t->
 

(12

 

+<J—lt—> (6+: 3- 3.....-)

I)
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(3.33)

(3.34)

(3.35)

(3.36)

(3.37)



 
Figure 3.2: Feynman diagrams of the real emission corrections to s-channel single top

quark production.

M?N1(—) = 232‘ {_<B+la—> <3“; ¢+ ¢—|t+>

+ q

(3.33) 
+<J—It+> <5+|2 11- ¢+|fi-> }

P

withp=pg—pa andqug+pg.

 

Again, we have suppressed the common factor \f2Eu \/2EJ\/2E5, the coupling

. 2

factors gs (3%) , and the propagator

1

2 _ 2 - F
pW mW + sz W

 

in all the above equations. Here, my = pt + 195 and gs is the coupling constant of the

strong interaction.

3.3.2 NLO corrections to FNAL

The Feynman diagrams for NLO real emission corrections to the final state of 8-

channel top quark production process are shown in the Fig. 3.2(g) and (h). Denoting
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the helicity amplitude as MFNAL()\t), then

w,— (u+|b—)(t+| 3’8. pi_|d+)
 

 

MFNALH) = 2

P2 ‘mt

+|b— )2..(t+|¢” |d+)

+ 2mmt<u

p2-m?

, (t+|cf+) (u+l (L ¢*+|b—>
 

 

 

 

— 2w_
€12

’
(3.39)

u b— _
_d

MFNAL(—)
= a)“ “H W2_| f2+¢ | +)

P2 mt

+ thwt— (Wle1133—71.? ld+>

t

_ 2wi<t—Id’+
> (21-12291- WHI

P),
(3.40)

with p = pg + pt and q = pg + 135. We again suppressed the common factor

 
- 2

\/2Eu\/2EJ\/2E5, the coupling constants gs (512—) , and the W boson propaga-

tor

1

2 _ 2 - F
pW mW + sz W

 

3.3.3 NLO corrections to LIGHT

The Feynman diagrams, that generate real emission contributions through coupling

a gluon to the light quark lines, are shown in Figs. 3.3(a) to (f). To facilitate our

calculations, we separate the NLO LIGHT real emission corrections into the following
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Figure 3.3: Feynman diagrams of the real emission corrections to the t-channel single

top quark production

three categories:

LIGHT — A : bq —+ q’gt, including (a) and (b),

LIGHT — B : bq’ —> qgt, including (c) and (d),

LIGHT — C : by ——> qq't. including (e) and (f).

Denoting the helicity amplitude as M£}%ST(A,3), then the helicity amplitudes for

LIGHT-A are:

 

MflGHTH) = —2w— p

. {<d-lt—><b+| a- f+lu—>

2
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+<b+lu—> (d—I f+ 4-1t—>}
q2

 

B _

MLIGHT(_) — + p2

2.2 {<d-|t+> (4+1 2- mm

 

+<b+|u—> (d-l m 4_It+>}

(12 ’

The helicity amplitudes for LIGHT-B are:

 

<b+Ia—> (cf—I f+ 414-)
2

B t

MLIGHT(+) = 2w—{ p

 +

C12

<J—It—> <b+| 4L f+|fl—>},

<b+Ia-> (cf—I 4+ 2-3+)
P2

 

MEIGHT(‘) = ‘2wi{

 

+(J—|t+) (my- £1124},

with p = pg — pg and q = pa + pg.

The helicity amplitudes for LIGHT-C are:

(d—lt—l <b+| 71— ¢+|fi—>

p2
 

MgIGHTH) = —2w5{-

 
+ <b+Ia—> (d—l 4+ k—lt—> },

k2

_(d—|t+> (4+: :4- 444—)
p2

 

MgIGHT(_) = 2wi{

 
+<b+Ifl-—> (d2; 2+ K—It+>},
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(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)



Withpng ’pfi. and qug ‘Pd-

Again in all above equations, we suppressed the common factor \/2Eu 1/2Ed1/2Eba

- 2
2

the coupling constants gs (i5) , and the W boson prOpagator

1

2 _ 2 - P
pW mW + sz W

 

with 1911/ = Pt - Pb-

3.3.4 NLO corrections to HEAVY

The Feynman diagrams, that generate real emission contributions through coupling

a gluon to the heavy quark lines, are shown in Figs. 3.3(g) to (n). We separate the

NLO HEAVY real emission corrections into the following four categories:

HEAVY — A : bq ——> q’gt, including (g) and (h),

HEAVY — B : bq’ —> qgt, including (i) and (j),

HEAVY — C : qg —> q'bt, including (k) and (l),

HEAVY — D : q’g —> qbt, including (In) and (n).

 

 

 

 

Denoting the helicity amplitude as Mg’gAQ}?/(At), then the helicity amplitudes for

HEAVY-A are:

(—u+|b)t2+| f+ ¢_|d+

MitiEAVYH) = 2w— M 2 >
(12 _ mt

+ th w: (u+|b—)2(t+l b:_Id+)

q “ mt

t+ d+ + _ b—
+ t_( I ><u |2¢ f+l >, (3.47)

p

A ("11+“)>t2—l f+ d—ld‘t

MHEAVY(_) = 2”: H 2 >
Q2 - mt
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t<u+lb-)2t<_l $431+)
 

 

+ 2mtw_ 2

(12 - mt

t— d _ b—

p

withpzpb—pg andq=pg+pt.

The helicity amplitudes for HEAVY-B are:

(u+|b—))(t+| f4. d_ld+)

MB + = 2w_HEAVY( ) q2_m?
 

(u+|b—)(t+| 2*- |d+)
 

 

 

+ 2mtwt+ q2_mgtz

t+ci+ ’+ _ b—

+ wt_< I H” If f” >, (3.49)
p

MU+|b-> t2—l f+ d—|d+

MHEAVY(—) = “1+ H 2 >
Q2 —mt

, (a+|b—) (t—l $447+)

92-77122

 

+ 2mtw

+ 2w: <t_ld-+> <fi'lhpl2fl— f+lb—>, (3.50)
 

The helicity amplitudes for HEAVY-C are:

t (u+|b—) (t+| 2+ q’_|d+)

MC + — w_HEAVY( ) (12’7”?
 

t ('u—i-l b—) (t+I§/_|d+)

— 2mtw+ 2 2

9 ‘mt

 

t <t+ld+><u+l 2L ¢+I5—>
 

 

— 2w_ p2 , (3.51)

b— — _ d

MHEAVY(’) = 2c11t+<u+| ><t2_l if; {I I +>
(12 mt
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t (u+|b—) (t—l ¢_|d+)
 

 

277% w_

92 - m?

t— d _ b—

P

wherep=pg —p5 and q=pg—pt.

The helicity amplitudes for HEAVY-D are:

 

 

 

 

 

 

‘+ b— t+ 2 2_ (1+

MgEAvyHl = 2wt_<u I >521",th I >

+b— t+ _cf+
— 2mtwi<u I qginglI

>

_ 2w: <t+ld+> (71;; 1L ¢+|b—>, (3.53)

‘+ b— t— 2 ¢_ 3+

MIRIEAVY(_) = 2wi<u I >q<2 _Imt2I I >

' b— — -3,

— 2mtwt_<u+I >2<_t_ If I +>

q mt

_ 2wi<t_ld+> (21+; 21. ¢+|b—), (3.54)

P

wherep=pg—p5 and q=pg—pt.

 

Again in all above equations, we suppressed the common factor \/2Eu \/2Ed \/2Eb,

2

the coupling constants gs (32/12) , and the W boson propagator

1

2 _ 2 ' F ,
pW mW + sz W

 

with pW = 1922 - pd.
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Figure 3.4: Feynman diagrams of the real emission corrections to top quark decay

processes

3.3.5 NLO corrections to top quark decay

The Feynman diagrams for NLO real emission corrections to the top quark decay

process are shown in Fig. 3.4. Denoting the helicity amplitude as MDEC(/\t)1 then

 

MDEC(+) = 2w‘_<b—I”+><
e+l P— f+lt+)

 

 

 

 

P2 - m?

+ 2mtwi<b_l
V;>2<i+TL

§*—It+>

+ w1<e+lt+l
<b—q|2f+ (1411+),

(3.55)

MDEC(-)
= 2w§<b_|”

+><:+l 1L2 f+|t—)

P —mt

+ 2m wt <b_|V+) (8+) f_|t—)

t —
P2--mt2

+ 2bi<e+"‘><b-
I2¢*+ 2412+),

(3.56)
 

q
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with p = pt — pg and q = pb + pg. We again suppressed the common factor

 

- 2

\/2Ee\/2EV \/2Eb, the coupling constants gs (%) , and the W boson propagator

1

2 __ 2 ' I‘
pW mW + zmw W

 

3.4 NLO SCV form factor of the single top quark

production and decay process

In this section the analytical results of the effective form factors are given in details

together with the corresponding phase space boundary conditions which splice the

phase space of real emission corrections into unresolved and resolved regions. Provided

with such phase space boundary conditions, one can use the helicity amplitudes given

in the previous section to perform numerical calculations. Since the unresolved regions

of massless partons differ from the ones of massive partons, we consider both the

massless and massive partons and present the detailed derivations of the SCV form

factors in Sec. 3.4.1 and Sec. 3.4.2, respectively. For comparison, we present our

results in both the DREG and DRED schemes. We note that the form factors and

the crossing functions should be applied consistently in a given scheme.

3.4.1 NLO corrections to INIT

Let us first examine the initial state corrections to the s-channel single top quark

process, of Fig 3.1. After calculating the effective matrix element with all the

partons in the final state, we cross the relevant partons into the initial state to obtain

the needed matrix element. In dimension d = 4 — 26, the NLO matrix element for

the vertex q — q’ — W* can be written as

4—’W* —29_ Jaw/2k

MEI] = 730(5)”? VulPLUUI), (3-57)
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where u(q)(17(q')) is the wave function of q(q’), PL = (1 — 75)/2. As usual, we have

used the particle to label its momentum.

The calculation of the virtual corrections for the vertex q — q’ — W* is straight-

forward and after renormalization it contributes

‘1qu _ 9:200 _ Elf:_§

f1 47rF6{ 2+enmit2 e

4W2 8 2 3 qrjI—2W(virt)

+—3— +3111}? —111 ?n—tf +Ischeme , (3.58)

6

4 2

where 9 = 212g - pqz, CF = 4/3, Cc = ( III: ) I‘(1 + e) and the scheme dependent

m
t

 

_/ .

—+W t .99 (W ) 1s

term [scheme

qq’—+W(virt) _ —8 in DREG scheme,

SCheme — —7 in DRED scheme.

We have neglected all the possible imaginary parts in the above result and also in

what follows, since they do not contribute to cross sections up to the NLO. We also set

771.), = 0 throughout the this work. The detailed calculation is given in Appendix D.1.

—I

Note that the tree level amplitude corresponds to setting fin TW = 1 in Eq. (3.57).

In the phase space slicing method, the soft and collinear singularities in the vir-

tual corrections, the poles of e in Eq. (3.58), should be cancelled by the unresolved

real emission corrections from processes shown in Eqs. (3.1)—(3.3). Below, we will

partition the phase space of the real emission corrections to calculate the unresolved

contribution.

As an example, let us examine the qq —+ W*g process. After crossing all the

initial state partons of the process qq’ —> W*g into the final state, the particles’

momenta are assigned as in Fig. 3.5 which requires the crossed process W* —> qq’g.
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q (I

p\q\ /_pq

9W" crossing W‘

=5 4
9

.39 \p. \w
9 ¢

q

Figure 3.5: Illustration for crossing the initial state partons into the final state in the

process ch’ ——> W*g.

Let us consider the whole phase space of the process W* —+ Qq'g as the identity and

partition it into three regions as shown in Fig. 3.6:

  

  

 

   

1 r—_‘ 9(Ing-l + lsq/g —- 23mm) + @(23mm — [Sq-9| — ’sq/g)

— e(|3qg| — 2.9.,,,,-,,)e(s,.,,-,, — 3,1,9 ) — @(lsq/g -— 28mm)9(smm — |3qg|)

+ e(|s.,g| — 2s,,,,-,,)e(s,,,,,, — sq/g )+ 8(lsq/g — 23m,n)e(sm,~n — [3,90

==fl+fi+fi, (mm

where

  

 

 

 

 

.71 = 9(Ing|+ Sq’g —23mm)

— @08qu — 2s....n>e(smm — lsq/g >

— @(lsq/g —2s.,n1,,,)e(smm—|s§g|), (3.60)

B = e(2s,,n,n—|ng|—lsq,g), (3.61)

f3 = e<|sqgl — 2snm>e<smm — 18,], >

+ @(lsq;g ~—23m2;n)9(smm— l8q‘gl). (3.62)

 

Here 8 is the Heaviside step function and SU- = 2p,- -pj where p,- is the four-momentum

of the particle 2'. In the phase space region constrained by function .71 (resolved), there

is no soft and collinear divergencies, therefore it can be calculated in four dimensions
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3‘ _

W q ll 9

f1

7:3

resolved

f3 ‘1’ ll 9

Sq’g

Figure 3.6: The ng — sq/g plane for quark pair annihilation to virtual W—boson

showing the delineation into soft (.72) and collinear (.732) and resolved region ( .731).

numerically. The soft region is defined by the function .72, which has both the soft

and collinear divergencies. The collinear regions are defined by the function f3 as

shown in Fig. 3.6 which only have the collinear singularities but no soft singularities.

In the function .73, the first term denotes the collinear region of g H q’ and the second

term represents the collinear region of g H (7.

Under the soft approximation, i.e. in the soft region (.732), the squared matrix

element can be written as a factor multiplying the squared Born matrix element:

* _ p ——+O A *_,—I _

>|M<W —>qq'g>|2—9——>f;fff, mlemgq’n,
 

9(23min — Ingl - lsq/g

- “W*—+riQ’g
where we have defined the ezkonal factor fsoft as

4(2Pq - Pg!)

21%; - pg)(2pqr -pg)°

AW7*_>— I 2

 

It is very simple to analytically integrate the eikonal factors in d dimensions over the

soft gluon momentum. The detailed calculation is given in Appendix E.1.1. Here we
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only present the final result of the soft factor:

  

2 4 2 2

soft 16w2 r(1— e) 3",,” 62 e e 6

7r2

+411122_13_+1n2(5_7__7i2n)+41n21n(~3_n__;zn)}. (3.63)
S

In addition to being singular in the soft gluon region, the matrix elements are

also singular in the collinear region (f3) where the matrix elements exhibit an overall

factorization. In the limit 9 ll (7, we define

9H6 gllq

pg --—-+ (1 -€)Ph. p6 —-——’€ph

with p), = pg + pg. In this limit,

‘25771-i7‘i)e(3min— lscigl) |M(W* —’ qq’gHQ m) gig-H7 lM(W* —’ (jg/”2’
 

9(ISq/g

where the collinear factor 665M? is defined as

6.7926: QEMZCCpfgm-
Pg ‘Pq

The function 1969—“? is related to the Altarelli-Parisi splitting function, which has

some scheme dependence since one can treat the hard particle in either 4 or d dimen-

sions. In this work, we adopt two schemes: the conventional DREG scheme where

all the particles are treated in d-dimensions and the dimensional reduction (DRED)

scheme,

2 _ _ 2

_ _ 21+5 6“ é) , in DREG scheme,
pry-MI“) = 1 “ g (3.64)

2

2 11‘: , in DRED scheme.
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Integrating over the collinear phase space and also considering the contribution from

the region pg || pqz, we obtain the collinear factor (cf. Appendix E.1.2)

 

2 6

IW*—»qq’g : 9.? CF 47%:

C01 167r2 F(1 — 6) 3mm

 

4 23min 3 2W2 2 23min W*—*§QI(COI)
X {‘1n( A )+———3 “121 < A +[Scheme

6 S 6 S

(3.65)

where the scheme dependent factor ISch8;?(C01)is

Scheme

l/V’k—9qq’(col): 7 In DREG SCheme,

6 in DRED scheme.

Summing the soft and collinear factors and crossing the needed partons into the

.1

initial state, we get the contributions to M“ “W,“ from the unresolved real (soft-

plus-collinear) corrections from processes (3.I)-(3.3) as following:

 

—» ‘ 2 2 ‘ 3 4 2
qu W((real) : 9301706 {7 _. _ln_8.2_ + _ _ i. +21n22

47r e 6 mt 6 3

2 3

m 4—vW(real)

+3ln t —2ln2— +162 —+Iq‘1

5min 3min 771,32 Scheme

_/

where the scheme dependent term Igghemv:(real) 's

I qq-+W(real)_

Scheme _

7 in DREG scheme,

6 in DRED scheme.

4_, - ./_+ , _ .

It is clear that the divergences of ff” W(mt) and fin W(Ieal) cancel With each

other and the sum is finite and 8mm dependent. The remaining unresolved real
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corrections for qrj’ -> W* are included through the process independent, but 3mm

and factorization scheme dependent universal crossing functions.

The corrections from the resolved regions of processes (3.1)-(3.3) can be obtained

by multiplying the following phase space slicing functions by the corresponding phase

space elements and matrix element squares in the cross section calculations:

0 For qq-’ ——> W*g —+ thg

— 23min)
 

[6% Iqu' + ‘qu?

  
>—e<l —" @(lSQQI _' 25min)6(3min _ qul

 

896’ — 23min)e(5min _ ISQQI)

O For qg ——> W*q’ —> tbq’

  

qu’
[1 — 6(37711'71 — l

o For gci’ ——> W*cj —+ théj

[1 _ 9(31712'71 — lngl)]

The (9 functions ensure the amplitude squares are finite in four dimensions. There-

fore,they can be calculated numerically.

3.4.2 NLO corrections to FNAL

Now we look at the final state corrections to W; — t - 5. The NLO matrix element

for the W“ — t — b vertex can be written as

W*—>t5 —i9 _ w*_.t5 W*—+t5 (Pt — 795le -
= ——I , t __ , .

Mu fl “( )lfi 7M + f2 t lFLv(b) (3 56)

The above formula is valid only when W boson is on—shell or off-shell but coupled

to massless quarks because we have neglected term preportional to (pt + 195)”. At
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the tree level, fWe“) =1 and f2W_’tb = 0. At the NLO, the virtual corrections to

fII/V-atb, f2I/V—+tb are

W’th(virt) as 1 5 +21 g 3

= — —— — — 2L —-

31 __ L”? 1 :31 1n2 I W"‘2("i“) (3 67)
+ n m1? — 3 n mt? — 17,:2+ Scheme ’ '

2

W—itb((virt) as m___t_ 51
= — - l 3.68

A

where s = (Pt + ])5)2, 31 = 217) -p5 = s - mt2 and the scheme dependent term

W—+tb(virt) .

Scheme
I

W——+t5(virt) _ —6 in DREG scheme,

SCheme _ —5 in DRED scheme.

The detailed calculation of the virtual correction is given in Appendix D.2.

In the presence of a massive top quark, the structure of the collinear and soft poles

of FINAL matrix elements is completely different from the massless case (INIT). The

t0p quark mass serves as a regularizer for collinear singularities. Thus, the matrix

element contains fewer singular structures. However, the presence of the top quark

mass leads to more complicated phase space integrals. Again, let us consider the

whole phase space of the process W* ——> tbg as the identity and partition it into three

regions as shown in Fig. 3.7:

1 E 9(3tg + 359 _ 23min) + 9(257712'71 — Stg _ 559)

+ 9(3tg _ 25min)e(3min _ 559) _‘ e(Sig _ 25min)@(3min _ Sbg)

= f1+ $2 + 3:31
(3'69)
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Stg

f1

resolved

25min

3min " f2 _

(50ft) .73 b H 9

859

Figure 3.7: The stg —s59 plane for quark pair annihilation to virtual W-boson showing

the delineation into soft (.72) and collinear (f2) and resolved region ( .11).

where

f1 = e(Stg + 359 _ 25min) _ 9(3tg -‘ 23min)e(3min _ 559): (370)

fI2 : 9(25min — Stg _ 559): (3'71)

f3 = 9(3tg — 23min)®(3min — 359)- (3-72)

Here again, we divide the phase space of process W* ——> tbg into three parts: the

resolved region (.71), the soft region (.72) and the collinear region (f3). Moreover,

the phase space boundary conditions are much simpler than the case of massless

partons, of Eqs. (3.60)-(3.62).

Under the soft approximation, in the soft region (B), the squared matrix element

can be written as a factor multiplying the squared Born matrix element:

_ 2 p ‘—*0 AW’kH _

e(2sm,-,, — 3,9 — .959) |M(W* —» tbg)| ——9———_. f3 “’9 |M(W* .3 tb)|,
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. ‘W*-*tbg

where we have defined the ezkonal factor f3 as

- _ 2

*W*—+tb 4(2Pt 'P ) 4m
f3 9 = gsCF/Pe b — t

(2131 'pg)(2P5 - pg) (21% my)?

" '*—+ — . . .

Integrating the eikonal factors f? tbg in d dimensmns over the soft gluon momen-

tum, we get the soft factor

_ 2 2 —€

IW*—+tbg = 93 CF 47T,ud 3min

SO“ 16712 I‘(1 — e) 3mm g1 + m3

1 .

{—5 ——1 [In (1+;9L2) +21n2— 1]

c 6 mt

2 . 2 2 .

21n2+m] In (1+ 4%)—7r—6-+2ln22—21n2+

1 . .

_—1n2<1+8—12)—2Li2(A 51 2)} (3.73)
2 mt sl-l-mt

In the collinear region (.773), where g H b, the matrix elements exhibit an overall

 

X

 

 

factorization as

:k - 2 g 5 A— —)_ =0: — 2

9(3tg”23min)e(3min”359) |M(W "2 tbg)| “—IL” Cbg b(€) IMO/V "2 tb)l a

where the collinear factor ébgab is defined as:

’ 2 Pbgqb(€)_ 47"?

2125- p9 (2pt -pg)2

where Pay—’5“) is same as Eq. (13.16). Integrating over the collinear phase space, we
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get the collinear factor

 
 

6

IW*—»tbg ___ 9% CF [huts

601 16s2 I‘(1 —- e) smm

x {Z [1112 (23mm) + if] _1n2 (2371221)

6 s 4 s

2 2 —

7r mt W*——>tbg(col) ,
_? _ —S—1— + [Scheme } (3.74)

W*—*tbg(col)is

where the scheme dependent factor [Scheme

7

W*—>tbg(col)__ 2 in DREG scheme,

SCheme 3 in DRED scheme.

* _

Summing the soft and collinear factor, we get the contributions to MW ‘2“) from

the unresolved real (soft+collinear) corrections as follows:

*—.tbg((real) as C C 1 5 2 51 222
= __ —+———ln— ———+ln2 2— 2ln2

le F €{c2 26 e n—L? 3

§ 2
2m,

7 .

)——ln 5—"——":”+21n21nil—2+(2+1—)1ni2
2 m? 31 mt

 

—ln —§—1112+21n—ln—2 —,—+ Scheme

. 3 2 _

2 3 5min "it W*——»tbg(real)

9

mt 5min mt mt 31

W*—>tbg(real).

where the scheme dependent term I Scheme is

7

W*—’tbg(real)_ 5 in DREG scheme,

SW“ 3 m DRED scheme.

The correction from the resolved regions of process (3.4) can be obtained by multi-

plying the following phase space slicing functions by the corresponding phase space

61



elements and matrix element squares in the cross section calculations:

9(3tg + 559 — 23min) — 9(3tg - 25min)@(3min — 559) °

3.4.3 NLO corrections to LIGHT

The NLO matrix element fro the q — W” — q’ vertex can be written as

—’W I _2' _ —’W /

M3 ‘1 = Jump? ‘1 vuPLlum), (3.75)
\/§

I

where u(q)(11(q’ )) is the wave function of q(q’). The virtual correction to fquq is

‘ 2

q—*Wq’(virt) _ as 2 2 -t 3 71’

f1 — ECFC€{—€_2+-ln(——2)__+_

6 mt 6 3

+3111(——£) —- ln2(_—£) + 1""W‘1’("i”) (3 76)
m2 m2 scheme ’ ‘

t t

W’ 't.q-4 q(Vlr)lSwhere f = —2pq - pq/ and the scheme dependent term 1Scheme

[gang/(virt) = —-8 in DREG scheme,

SCheme —7 in DRED scheme.

I

The tree level amplitude can be obtained by setting ffTWq = 1.

I

We now consider the unresolved real correction to ffawq . There are two pro-

cesses that contribute to q -— WI! — q’ vertex:

0 bq —+ tq'g (I), in which the gluon only connects with the light quark (q,q’) line,

of. Eqs. (3.6) and (3.7),

o by —+ triq’, of Eq. 3.10.
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The soft and collinear divergent regions of bq —> tq’g (I) can be constrained by the

 

 

function

[@(2smm - lsqgl —- [sq/g )

@(lsqgl — 23min)@(3min — '8ng )

+9<l8q’g — 25min)9(3min — lsqg|)].

 

In the above function, the first term constrains pg to be soft and the second and third

terms restrict pg to be collinear with pq/ and pq, respectively. The process by ——> triq'

has only a collinear divergent phase space region which is projected by

1],

in which the two terms require pg to be collinear with pq and pqz, respectively. After

 
9(31712711 _ ISQgI) + 9(57112'71 _ ’Sq’g

performing all the above constrained phase space integrations analytically, one can

I

get the contribution to fffiiwq from the unresolved real emission corrections as:

A 2
q—+Wq’(real) (13 2 21 —t 3 47f 2

: —(. — — — — _ _ _ 21

f1 47r FCe{€2 e 11(mt2)+ 6 3 + n 2

mt2 A i

_t _+ I

+3ln—— —2ln2(—)+ln2(—2)+1q W‘Nman},

mt

. Scheme

3771:” 5171271

I q—->Wq(real).is

where the scheme dependent term Scheme

Iqawq’(real)_:{7 in DREG scheme,

SCheme 6 in DRED scheme.

(virt) and fq—>Wq(real) cancel with eachIt is clear that the divergences of fqWq

other and the sum is finite and 3mm dependent. The remaining unresolved real
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corrections for q —+ Wq' are included through the process independent, but 3min and

factorization scheme dependent universal crossing functions.

The resolved phase spaces without divergent regions are obtained by multiplying

by the following functions:

0 For bq —> tq’gU),

 
‘ 23min)

 
)

-—@(|qu| — 25minle(5min _ lSQIQ

fly
 

Sq’g — 23min)e(3min _ lsgqll] a

o For by ——> th’,

 
[1_ 9(5min — lsq’g )_ e(5min —' lsfiglll

3.4.4 NLO corrections to HEAVY

The NLO matrix element for the b — Wu - t vertex can be written as

_. -ig_ 7.. 7.. (Pb+Pt)

MSW t —u<t>[ff” twfé’” t—Tfiiauw). (3.77)
J?

The above formula is valid only when W boson is on-shell or off—shell but coupled

to massless quarks because we have neglected term proportional to (pt — 111,)”. At

leadin -order , be—et = 1, be"’t = 0. At the NLO, the virtual corrections to
g 1 2
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ffW—‘t and fé’Wat are

bwdt-t a- 1 5 2 —£1 _£
f1 (VII) 2 —7‘:CFC€{—6—2——+—ln(—-—2—)+2L12(£—)

4 26 6. mt 1

A 2 - . .

_t1 mt ‘t1 2 ”t1 bW—1t(v1rt)

+3ln— —-Tln——
—1n __ +1

,

( m? ) t ( m? ) ( m? ) Scheme

be—+t(virt.) 0130 C mg] (—£1)

: ‘_ -,.— 11 —— ,

where £1 = i— m? = -2pb - pt, and the scheme dependent term Igggtévm) '

I

bwaqvirt) _ —6 in DREG scheme,

Scheme _ —5 in DRED scheme.

We now consider the unresolved real correction to flbW—w. The unresolved real

W—1t
correction to ff comes from the soft and collinear regions of the following three

processes:

0 bq —> tq’g (II), in which the gluon only connect with the heavy quark (t,b) line,

of. Eqs. (3.6) and (3.7),

o qg -—) tq'b, of. Eq. (3.8),

o (j’g —* (jbt, of Eq. (3.9).

The soft and collinear divergent regions of bq ——> tq’g (II ) are sliced out by

9(257711'71 _ lsbgl _ lstgl) + @(lstgl _ 23min)e(3min _ lsbgl) :

The qg —+ tq’b and (j’g —> cjbt processes both have the collinear divergent region

). After integrating out the soft and collinear regions,

 

restricted with @(smm — '359
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we get the contribution to the form factor ffwat from the unresolved real emission

corrections as:

2

bW—>treal) as 1 5 2 —£1 27r2
= ——CC — ————1-———-——— 1 22— 212

f1 F e{€2+26 6 nmt 3 + n n

—£ 7
_2Li2(—2——1—1—) — 2 ln——8m" + 21n2ln( 21)

27712 ‘1 {1 -—£1

+<— -——’—>1n1—< —2>—1n2(1——2)—1n2(—2-)
t1 mt mt mt

 

2 Scheme

2 m2
—t1 _1—nl2—————min |4ln( ___21)1n 3771371 | A IbW t(real) ,

mt mt mt tlt

blV—+t(real) .

where the scheme dependent term 1 Scheme

in DREG scheme,

in DRED scheme.

bW—+t (real) __

Scheme

3

I 2

3

and the remaining unresolved real corrections for bW —* t are included through the

process independent, but 3mm and factorization scheme dependent universal crossing

functions.

The resolved phase spaces without divergent regions are obtained by multiplying

by the following functions:

0 For bq —> tq’g(11):

[edsbgl + '3th — 25min) — e(l5tgl “ 23min)e(3min - lsbgl)

o For qg —> tq’b, cj’g —> (jbt:

 
1].[1— @(smm — '359
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3.4.5 NLO corrections to the decay process t —+ Wb’

The NLO matrix element for the t - W — b' vertex can be written as

’(Pt + 195/)——+ _Z__g— —> -—+

ML W” = u(b’M W””YuPL‘l‘fé W” “Pgluet (3.78)
x/iu mt

where PR = (1 + 75) /2 and b’ denotes bottom quark from top decay. At the tree

I , I I

level, ffAWb—- 1, fé—Mb = 0. At the NLO, the virtual corrections to ffTWb and

I

f2t—’Wb are

 

t——>Wb((virt) __ fi __}____5_ E _ . fiW

f1 - 47TCFC€{ 62 26 + 6 ln(1 fiw) + 2L12(,BW _1)

33 _1 t——>Wb’ ' t

+—g/W— 1n(1 — 13w) - ln2(1 — 3w) + [Scheme("” )}(3.79)

t—+Wb’(virt) _ 9—9 L _

f2 — 47,0116} { Bw 1110 find}, (3.80)

t—+Wb’(v1rt)
where fiW = mEV/mt2 and the scheme dependent term IScheme

I
t—+Wb’(virt) _ —6 in DREG scheme,

SCheme _ -—5 in DRED scheme.

. _, ’ . . . .

The unresolved real correction to ff Wb 18 obtained by 1ntegrat1ng out the soft

and collinear regions of t —> Wb’g which are sliced by

 
[9(23min ‘ '3th _ lsb’g )+ 9(l3tgl ‘ 23min)e(3min " lsb’g

 

)]. (3.81)
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I

After integrating over the sliced region, we get the contribution to fffiWb as

 

 

2

t-yVVb’(real) 013 1 5 2 —27r l 2 2
= _ _ __ _ _. _ — — 21 2

f1 47rCFC‘E {e2 + 26 61n(1 3W) 3 + n n

. 1 - fiW 7 5min
-2 — —1 — 21 21 1— IL12(2_ 5W) 2 n mtz + n n( flu)

4 —- 23

l-fiw

. -. 1 t—IWb’(real)_1 2 STnln + 4111 1 __ InM —
+

3n ——mt2 ( 5W) mi? 1 _ fiW Scheme

(3.82)

t-—>Wb’ (real) .8
where the scheme dependent term IScheme

in DREG scheme,

in DRED scheme.

t—>Wb’(real) _

Scheme _

c
’
~
3
l
\
3
|
\
]

The resolved region of t —> Wb’g is obtained by multiplying by the following

function:

 

)] . (3.33)- 28mm) — 9(l3t9l - 23min)e(3min — lsb’g 

[9(Istgl + ISb/g

We have checked the formulas of (3.78)-(3.83) by comparing the result of NLO cor-

rection to I‘(t —-> Wb’) with Ref. [87].

3.5 Combining the production and decay processes

With those building blocks given in the above sections, the NLO QCD corrections to

single top quark production and decay can be computed, keeping the full information

on the spin configuration of the intermediate top quark state. The general differential
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hadronic cross section at NLO can be written as

da(H1H2 —) YX)

= Z:/d$1d~732{fcf{1(xlaHF)fbHQ($2a/1F) X [61000119 —* Y) + d01(ab —* Yll

ab

H H

+asfa 1(I1‘IUF)Cb 2(I2a ”F7 STTlin)d00(a’b —* Y)

H
H

+OSCa 1(11,#F,sz‘n)fb 2(1-2, #F)d00(ab -) Y) + (551 H 1132)},

(3.84)

where dog is the leading-order subprocess cross section, dol is the C(05) subprocess

cross section.

We now consider the single top quark production subprocess ab —> tAhl with

tA —> thg and Wp —+ lu. (Here, In and hg stand for any single parton or multiple

partons. A and p are the top quark spin and W boson polarization indices.) In the

frame work of NWA, the cross section can be written as

1

d0(ab -—>l1/h1h2) = g] E M'(a.b -—> tAh1)1W(tA -—> th2)M(Wp —> l1/)|2

A,p

1 1

S

X F2tht ZmWrFW

 d<I>(ab .3 th1)d<1>(t—+ Wh2)d<I>(W —» (V),

(3.85)

where SF is possible spin-color sum and averaging factor, d<I>’s are the phase space

elements

4 4 (13172“
(2”) 5 (P-Zpilnm-

We use Pt = I‘?(t —+ bW) + Ftl (t ——> bW) where Ft1(t —+ bW) is the 0(a3) correction

to the Born level decay widthF?(t —-> bW) and PW is the W boson total decay width.
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The matrix element square can be calculated as follows. The sum over p is equiv-

alent to the following replacement in M(tA —> thg):

 

u 9 — u
E u 1 — v . 3.86

We denote the result by M(t)\ —> Whg). Decomposing M(ab —+ tAhq) and M(t)‘ —>

Whg) as

M(ab ——» mm) = mpg/W“, (3.87)

M(t,\ —>Wh2) = Mdecwpt), (3.88)

when we separate the on-shell top quark spinors from both the production process

and the decay process, we have

2 2

ZM<ab—+tlh1)M<tl—»th2>M(leu> = MdeC<zst+mnMPrd .

M

(3.89)

In our calculations, Mdec and Mprd are calculated numerically using helicity ampli-

tude approach and can be easily obtained from the formulas presented in this Chapter.

Eqs. (3.86) and (3.89) guarantee that the spin and angular correlations of the decay

products are preserved.

 

 

Denoting

d<I>LO = SF 1 1 819(3)!) .3 th1)d<I>(t .3 Wh2)d<1>(W ——> 81/), (3.90)

thF? 2mWPW

d<I>NLO = Sp 1 1 d<1>(ab —+ th1)d<I>(t —> Wh2)d<I>(W _. 81/), (3.91)
2tht 27nVVFl/V

the LO subprocess cross section is

1

d00(ab —-» luhlhg) = Ewgecm + mt)M{,”d|2d<I>L0, (3.92)
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where Mg'd’dec stands for the LO amplitude.

The NLO subprocess cross section is

d101(ab —> luhl hg)

= 2L§Mdec(Pt + mt)M1Rd2d<I>LO

F

d

+ 2—1823?M1§CV(15t+m¢)M8"d(Mgec(2§t+m1)M{)”'d)l d<I>NLO
  

2

+ iMiichUlt + m1)Mgrd doNLO, (3.93)

where MfgéveiR stands for the 0((13) amplitudes from soft+collinear+virtual and

resolved real correction for the production and decay processes. The first term is the

real NLO correction from production. The second term is the soft+collinear+virtual

correction from production. The last two terms are from the top quark decay correc-

tions. If no kinematical cut is applied, the last two terms cancel each other, which

means there is no net correction to the cross section from the top quark decay. Be-

cause the virtual correction processes and real correction processes have different

phase spaces d<I>LO and dQNLO, we calculate them separately using different Monte

Carlo programs.
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Chapter 4

Inclusive rate of the single top

process at NLO

In order to be able to compare theoretical predictions with experimental results it is

important to not only determine the total production rate of single-top events but

also the rate of events passing kinematic cuts due to detector acceptances or the need

for background suppression. Furthermore, reconstructing the top quark is critical to

many of the physics goals of the Tevatron and the LHC. At the Tevatron Run II,

experiments may hope for an accuracy of 2 GeV [88] in the top mass measurement.

But the ability to achieve this accuracy depends on how well systematic effects -

especially those associated with gluon radiation - are understood and controlled. It

is therefore crucial to properly simulate final state particle distributions in single top

events. In this chapter, we discuss inclusive production rates of the s-channel and

t-channel single top quark processes and also examine their dependences upon the

scale and top quark mass. The phenomenology of the single top physics, including

the acceptance of the single top events under various kinematic cuts and distributions

of final state particles with an emphasis on the effects of gluon radiation, is discussed

in the next two chapters.

We present numerical results for the production of single-top events considering
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the leptonic decay of the W-boson from the top quark decay at the upgraded Teva-

tron (a 1.96 TeV p13 collider). Unless otherwise specified, we use the NLO parton

distribution function set CTEQ6M [89], defined in the 717.9 scheme, and the NLO

(2-loop) running coupling as with Am provided by the PDFs. For the CTEQGM

PDFs, 11% = 0.326 GeV for four active quark flavors. The values of the rele-

vant electroweak parameters are: a = 1/137.0359895, (711 = 1.16637 x 10"5 GeV—2,

m1 = 178 GeV [1,90], mW = 80.33 GeV, m2 = 91.1867 GeV, and sin20W = 0.231.

Thus, the square of the weak gauge coupling is g2 = 4J2m€va Here, we fo-

cus our attention on the positively charged electron lepton (i.e., positron) only,

though our analysis procedure also applies to the 11 lepton. Including the 0(03)

corrections to W ——> ch’, the decay branching ratio of the W boson into leptons is

BT(W —> €+V) = 0.108 [91]. Unless otherwise specified, we will choose the top quark

mass to be 178 GeV and the renormalization scale (11R) as well as the factorization

scale ( up) to be equal to the top quark mass mt. The top quark mass and scale

dependences of single top events are investigated in the second and third part of this

section.

4.1 Theoretical Cutoff Dependence

The NLO QCD differential cross sections are calculated using the one-cutoff phase

space slicing (PSS) method [76—78]. This procedure introduces a theoretical cutoff

parameter (3mm) in order to isolate soft and collinear singularities associated with

real gluon emission subprocesses by partitioning the phase space into soft, collinear

and hard regions such that

2 2 2 2

[Mr] 2 [Mrlsoft + [Mrlcollinear + [Mrlhard ' (4'1)
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In the soft and collinear regions the cross section is proportional to the Born-level

cross section. Using dimensional regularization, we can evaluate the real gluon emis-

sion diagrams in n-dimensions under the soft gluon approximation in the soft region,

or the collinear approximation in the collinear region, and can integrate out the cor-

responding phase space volume analytically. The resulting divergences are cancelled

by virtual corrections or absorbed into the perturbative parton distribution functions

in the factorization procedure. Since the cutoff is introduced in the calculation only

for this technical reason and is unrelated to any physical quantity, the inclusive rate

must not depend on it. In other words, the sum of all contributions, virtual, resolved,

and unresolved corrections must be independent of 3mm.

That the total rate is indeed insensitive to the value of 3mm for a large range

is illustrated in Fig. 4.1(a) and (b) for s-channel and t-channel process, respectively.

The figure shows the sum of the virtual and unresolved real corrections (5 +12) as well

as the resolved contribution (real) to the s-channel and t-channel single top quark

process as a function of 31111-11. Although the contributions from the individual pieces

vary, their sum (total) remains essentially constant for a large range of 3mm. It is

necessary to point out that the value of 5,,11-11 needs to be small enough so that the soft

and collinear approximations are valid. If 8mm is too large, then PSS method will

not be valid. This is clearly shown in the large 3mm region where the physical result,

sum of s + v correction and the real correction, drops off rapidly, i.e. depending

on the choice of 31111-11. Furthermore, the jet-finding algorithm and other infrared-

safe experimental observables should also be defined in a way such that they are

consistent with the choice of 51,1111, say, the value of 5mm should be smaller than the

jet definition cutoff. On the other hand, numerical cancellation in the Monte Carlo

integration becomes unstable if 81,112,, is too small. As shown in Fig. 4.1, the statistical

error becomes larger as we choose the smaller value of 3mm with the understanding the
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Figure 4.1: The theoretical cutoff 5mm dependence of the inclusive single top quark

cross section at the Tevatron with 113 = pF = mt for mt = 178 GeV. The decay

branching ratio t —> bW+(—> 6+1!) has been included. (a) s-channel (b) t—channel
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same Monte Carlo event numbers are chosen. Therefore, an extremely long computing

time is needed in order to get a stable numerical result in Monte Carlo calculation.

In practice, one wants to choose the largest 3min possible within these constraints in

order to minimize the processing time of the MC integration program. For our study,

we found a value of 31,1111 = 5 GeV2 to be appropriate for the s-channel process but

a value of 3111111 = 1 GeV2 for studying the t-channel process. With the choices of

113 = 11F = mt at the Tevatron, we obtain an inclusive cross section for the s-channel

and t-channel single top (t only) processes (with W-boson decay branching ratio) of

47.9 femtobarn (fb) and 104.8 fb, respectively, which agrees with Ref. [54].

4.2 T0p quark mass and scale dependence

To test the standard model and measure the CKM matrix element th, one needs

an accurate prediction of the single top quark production and decay to reduce the

theoretical uncertainty. Examining the top quark mass dependence can provide in-

formation about how accurately the top quark mass must be measured in tf events.

Besides of the top quark mass, the choices of renormalization and factorization scales

also contribute to the uncertainty of the theoretical prediction. The renormalization

scale 11}; is introduced when redefining the bare parameters in terms of the renormal-

ized parameters, while the factorization scale 11F is introduced when absorbing the

collinear divergence into the parton distribution functions. Therefore, both 11R and

“F are unphysical and the final predictions should not depend on them. However,

since we work at a fixed order in perturbation theory, we indeed see dependences

of the predicted cross section on 11R and 11F- The change due to varying the scale

is formally of higher order. Since the single-top rate is very small at the Tevatron,

it is very important to reduce the scale uncertainty in order to compare the theory

prediction with experimental data. Below, we examine the top quark mass and the
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Figure 4.2: Top quark mass as well as renormalization and factorization scale depen-

dence of the inclusive s-channel single top quark cross section at Tevatron. The decay

branching ratio of t —-> bW+(——I (s+v) has been included.

scale dependence of the s-channel and t-channel single top quark events.

4.2. 1 s-channel process

As shown in Fig. 4.2, the cross section changes by about i10% when the top quark

mass mt is varied by its current uncertainty of about IFS GeV. Measuring the top

quark mass to an uncertainty of 1 — 2 GeV will thus reduce the theoretical uncertainty

on the single top cross section. The reduction in uncertainty of the s-channel single

top production rate will improve the measurement of the CKM matrix element th.

To examine the scale dependence of the s-channel single top quark production

rate, we show in Fig. 4.2 the results of two typical scales; one is the top quark mass

(p.F = 11%?“ = mt), shown as the solid-line, and another is the total invariant mass of

the event ([1F = a?“ = \/§) , shown as the dashed-line. For the decay of top quark,

we take 11511286 = mt which gives similar results as the choice of “(life = MW. The band

constrained by these two 11F scales represents a range of uncertainty due to the NLO

predictions. The usual practice for estimating the yet-to-be calculated higher order
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Figure 4.3: Inclusive s-channel single top quark cross section at Tevatron for mt = 178

GeV, versus the ratio of the factorization scale up to its typical value 110, where

110 = mt and 110 = x/g, respectively. The decay branching ratio of t —-> bW+(-—+ e+u)

has been included.

QCD correction to a perturbative cross section is to vary around the typical scale by

a factor of 2, though in principle the “best” scale to be used for estimation cannot

be determined without completing the higher order calculation. In Fig. 4.3 we show

the total cross section of the s-channel single top production for a range of the scale

[.1F which, for simplicity, is set to be equal to 111R- We have multiplied a constant

factor (the “K-factor”) of 1.52 to the LO cross sections (shown as the dashed-line) in

order to compare to the NLO ones (shown as the solid-line). It is clear that the NLO

calculation reduces the scale dependence. For example, around 11F = mt, the LO

rate varies by +89% to—5.7% when scale is changed from 1113/2 to 2gp, while the

NLO rate varies by +76% to —4.7%. Similar results also hold for varying the scale

around 11F = \/§.

4.2.2 t-channel process

As shown in Fig. 4.4, the cross section changes by about :l:9% when the top quark

mass mt is varied by its current uncertainty of about IFS GeV around 178 GeV. It

can also be seen that measuring the top quark mass to an uncertainty of 1 — 2 GeV
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Figure 4.4: Top quark mass dependence as well as renormalization and factoriza-

tion scale dependence of the inclusive t-channel single top quark cross section at the

Tevatron. The decay branching ratio of t —+ bW+(—» e+u) has been included.

will reduce the theoretical uncertainty on the single top cross section correspondingly.

The reduction in uncertainty on the t-channel single top production rate will improve

the measurement of the CKM matrix th.

In order to examine the scale dependence of the t-channel single top production

rate, we show in Fig. 4.4 the results of two typical scales: one is the top quark

mass (111: = 111;“ 2 mt), shown as the solid line, the other is the W boson mass

(up = 111;;0d 2 MW), shown as the dashed line. For the decay of top quark, we

take 11%.“ = mt, which gives similar results as the choice of 11%“ = MW. The band

constrained by these two 11F scales represents a range of uncertainty due to the NLO

predictions. The usual practice for estimating the yet-to-be calculated higher order

QCD correction to a perturbative cross section is to vary around the typical scale by

a factor of 2, though in principle the “best” scale to be used for estimation cannot

be determined without completing the higher order calculation. In Fig. 4.5 we show

the total cross section of the t-channel single top production for a range of the scale

11F which, for simplicity, is set to be equal to 113. We have multiplied the LO cross
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Figure 4.5: Inclusive t-channel single top quark production cross section at the Teva-

tron for mt = 178 GeV, versus the ratio of the factorization scale up to its typical

value 110, where 110 = mt (solid line) and 110 = MW (dashed line), respectively. The

decay branching ratio of t —> bW+(——+ e+u) has been included.

sections by a constant factor (the “K-factor”) of 1.04 (shown as the dashed line) in

order to compare to the NLO ones (shown as the solid-line). It is clear that the NLO

calculation reduces the scale dependence. For example, when the scale is changed

from [IF/2 to 211p around #F = mt, the LO rate varies by —0.9% to —1.0% while

the NLO rate varies only by -—0.6% to +13%. Similar results also hold for varying

the scale around 11F 2 MW.

4.3 Inclusive Cross Section

To facilitate the calculation, the higher-order QCD corrections to the s-channel pro-

cesses can be divided into three separate gauge invariant sets: the corrections from

the initial state of top quark production (INIT), the corrections from the final state

of top quark and B quark (FINAL), and the corrections from the top quark decay

(DEC). For the t-channel processes, we can also divide the higher-order QCD cor-

rections into three separate gauge invariant sets: corrections from the light quark
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line of top quark production (LIGHT), corrections from the heavy quark line of top

quark production (HEAVY), and corrections from the top quark decay (TDEC). The

explicit diagrams and definitions for these three sets can be found in . The inclusive

cross section as well as the individual 0(a3) contributions are listed in Table 4.1 and

Table 4.2 for the s-channel and t-channel processes, respectively. The effect of the

finite widths of the top quark and W-boson has been included. We use a “modified”

narrow width approximation (MNWA) in the calculation instead of the usual nar-

row width approximation (NWA). In the usual NWA, the effect of the Breit-Wigner

resonance propagator reduces to a delta function in the limit of vanishing top quark

width, i.e.

  
2 1 7r 2 2

fdp (pg-m?)2+mtsz = "”1160? -m )

Therefore, the invariant mass of the top quark decay particles will be exactly equal to

mt (a fixed value). To model the reconstructed top quark invariant mass from its de-

cay particles with a Breit-Wigner resonance shape to reflect the non-vanishing decay

width of the top quark (an unstable resonance), we introduced the MNWA method in

our numerical calculation in which we generate a Breit-Wigner distribution for the top

quark invariant mass in the phase space generator and then calculate the squared ma-

trix element with mt being the invariant mass generated by the phase space generator

on the event—by-event basis. We find that the total event rate and the distributions

of various kinematic variables (except the distribution of the reconstructed top quark

invariant mass) calculated using the “modified NW ” method agree well with that

using the NWA method. In the NWA method, the reconstructed top quark invari-

ant mass distribution is a delta-function, while in the “modified NW ” method, it is

almost a Breit-Wigner distribution. The reason that the “modified NWA” method

does not generate a perfect Breit-Wigner shape in the distribution of the top quark

invariant mass is because the initial state parton luminosities (predominantly due
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Cross Section Fraction of

(fb) NLO (‘70)

Born Level 31.2 65.0

0(03) initial 10.7 22.3

0(03) final 5.5 11.5

0(03) decay 0.57 1.19

C(03) sum 16.8 35.0

NLO 47.9 100   
Table 4.1: Inclusive single-top production cross section for different subprocesses,

including the top quark decay branching ratio t —> bW+(—+ 6+ ).

to valence quarks) for the s-channel single-top process drOp rapidly at the relevant

Bjorken-x range, where (:r) 2 {7% ~ 0.1. As shown in Table 4.1, the total 0(03)

3

QCD corrections increase the Born level cross section of the single top quark event by

54%. The INIT correction dominates over the FINAL and SDEC corrections, due to

the enhancement from collinear physics. The contribution from the SDEC corrections

is furthermore suppressed by almost a factor of 20 compared to the INIT corrections.

Different from the s-channel process, as one expects, the dominant 0(as) corrections

to the t-channel processes come from the heavy quark line rather than from the light

quark line. This is because the bulk part of the radiative corrections originating

from the light quark line have been absorbed into the definition of the light quark

PDFs. The TDEC contribution is very small compared to the LIGHT and HEAVY

contributions.

In both s-channel and t-channel processes, the corrections to the top quark decay
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Cross Section Fraction of

(fb) NLO (%)

Born -level 99.2 94.6

0(033) HEAVY 5.56 5.31

0(a3) LIGHT 1.03 0.98

0(03) TDEC -0.81 -0.77

0(03) sum 5.54 5.28

NLO 104.8  
 

Table 4.2: Inclusive t-channel single top production cross section for different subpro-

cesses, including the top quark decay branching ratio t —> bW+(-> 6+V).

processes (i.e. SDEC and TDEC) are very small compared to the other higher order

corrections. This can be understood from Eq. 3.93 and is explained below. When

calculating the NLO QCD corrections to the top quark decay process, we must use the

NLO top quark decay width in order to restore the correct top quark decay branching

ratio. With the narrow width approximation, the NLO differential cross section of

the top quark decay process is given by

88;ng = daggductim x Egg—O x drgeggx (4.2)

where

(11:9,,ng = drgecay +311“,lecay ,

1390 = r9 + r}.
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Here F? denotes the Born-level top quark decay width,

2 2 2

t 8V2: m? mt2

C m3

-—- 83014929333 20W) (4.3)

  

 

where we have defined 5W = (1 — MI2V/Irit2)1/2, the velocity of the W+ in the top

quark rest frame. [‘1 denotes the NLO correction to the top quark decay width [87],

 

1 __ (01X CF08

Ft - I“, 27fH5QCD, (4-4)

where

(1 - 931x293. - 00331 - 2) 1 9 481,,
5 = 2 1 1 — ——ln

QCD I34,(3 — 2133,.) 1“ 5W) 3— 20W “W

9— 4

3— 20Wn

In our calculation, F? = 1.695 GeV and FIVLO = 1.558 GeV for mt = 178 GeV. The

0(a3) decay part includes only the 0(03) QCD correction in Eq. 4.2,

 

DEC production 77 decay
d00(as)-— do0L0 x r—NLO x (11‘1 (4.6)

We obtain

7r II II 7r I‘t

—— = —— = z — + 0 4.7
FtNLO F? +Ff 1.,1 F? (- F?) (as)- ( )

r0 1+

Pt
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Expanding Eq. 4.2 up to 0(03), we get

decay __ production 71' Ft decay decay

__ production 1 decay
— dULO x F0 x dFO

1

production 7f Ft decay production 77 decay

daLO x D? x F? x dFO + “CLO x F? x dI‘1 .

(4.8)

The first term in Eq. 4.8 belongs to the Born level contribution, and both the second

and third terms belong to the 0(0'5) decay contribution. The net contribution of the

second and third terms should be exactly zero in order to respect the top quark decay

branching ratio (to be one), after we integrate out the phase space of the top quark

decay products. As shown in Table 4.1, there is a small remaining DEC contribution,

which is due to higher order contributions:

0 The C(02) term, which is dropped in the expansion in Eq. 4.8, will give about

a 1% contribution which is positive.

a A mismatch exists between f dI‘Cliccay and F1, since we use a Breit-Wigner

distribution of the top quark mass modulated by its decay width in the MNWA

method rather than using a fixed mass (which indicates an on-shell top quark).

This DEC contribution will become sizable once we use a jet finding algorithm to

define infrared-safe observables and impose the kinematic cuts. This is especially

the case for three-jet events which can only come from the real emission corrections.

However, the decay contribution cannot be very large because the large top quark

mass has already set the scale for the top quark decay which will be shown later.
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Chapter 5

Phenomenology: s-channel

In this Chapter we explore the final state objects of s-channel single top events.

Although the IV-boson from the top quark decay can decay in both leptonic and

hadronic modes, we only focus on the leptonic decay mode in this study because

the all-jet production mode of single top events is difficult to observe experimentally.

Therefore, the signature of s-channel single top events that is accessible experimen-

tally consists of one charged lepton, missing transverse energy together with two or

three jets. Since we are studying the effect of NLO QCD radiative corrections on the

production rate and the kinematic distributions of single top events at the parton level

in this work, we are not including any detector effects, such as jet energy resolution

or b—tagging efficiency. Only the kinematic acceptance of the detector is considered.

Since the Tevatron is p13 collider, and p13 is a CP eigenstate, the production cross

sections for bf(j ) at the Tevatron are the same as those for t5(j ) (when ignoring the

small CP violation effect induced by the CKM mixing matrix in quarks). For sim—

plicity we therefore only show distributions of the s-channel single-top events in this

work in which a t quark (not including a decays into W+(—+ 8+1!) and b quark.
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5.1 Jet finding algorithm

To meaningfully discuss the effect of gluon radiation in single top events, we have to

define a jet as an infrared-safe observable. At a crude level, high transverse energy

(ET) jets are quite obvious and the precise definition hardly matters. However, if we

want to make a quantitative measurement of a jet cross section to compare to next-to-

leading order theory, then the definition does matter. There are several possibilities

for a definition that is infrared safe: (a) the “fixed-cone” algorithm, used by UA2 [92];

(b) the “iterative-cone” algorithm, used by CDF [93] and D0 [94] collaborations at

Fermilab; (c) the “KT” algorithm, under study by CDF and DQ [95,96]; ((1) the

“EKS” algorithm, used in NLO one-jet and two-jet inclusive calculations [97]. The

numerical stability of several jet algorithms commonly used in experiments has been

investigated in Ref. [98]. In this study, we adopt the cone-jet algorithm which is

organized as follows:

1. Build a sorted list of all clusters (in this case the final state b and f) quarks

plus a light quark or gluon from the 0(03) correction), decreasing in transverse

energy ET.

2. Select the highest ET cluster from the cluster list and draw a cone of radius R

around its axis. Call this a jet and calculate the transverse jet energy and a

new jet axis by summing over the 4-momenta of all clusters inside the cone.

3. Remove all clusters in the cone from the cluster list and move the newly con-

structed jet to the jet list.

4. Apply the appropriate minimum transverse energy and rapidity cuts to the

entries in the jet list to create the final state list of jets.
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More specifically, we adopt the E-scheme cone-jet (4-momenta of particles in one

cone are simply added to form a jet) with radius R =Wto define b, 5 and

possibly extra 9 or q (or 1?) jets, where A17 and A05 are the separation of particles in

the pseudo—rapidity 77 and the azimuthal angle 0’). For reference, we shall consider both

R = 0.5 or R = 1.0. The same R-separation will also be applied to the separation

between the lepton and each jet.

5.2 Acceptance Studies

In this study, we adopt the cone-jet algorithm. For reference, we shall consider both

R = 0.5 and R = 1.0 *. The kinematic cuts imposed on the final state objects are:

P14 2 15 GeV , 10ng 772””,

ET 2 15 GeV ,

E512 15 GeV 1 [0)] S 723””,

ARé’j Z Rout a ARjj 2 Beat (5.1)

where the jet cuts are applied to both the b- and 5—jet as well as any gluon or light

anti-quark jet in the final state. Two lepton pseudo-rapidity cuts are considered here:

a loose version with 772"” = 2.5; and a tight version with 772"” = 1.0. Similarly,

loose and tight cuts are also considered for the jet pseudo-rapidity, 1737"”: = 3.0 and

773"” = 2.0, respectively. The minimum transverse energy cuts on the lepton as well

as the jets is 15 GeV. Each event is furthermore required to have at least one lepton

and two jets passing all selection criteria. The cut on the separation in R between

the lepton and the jets as well as between different jets is given by R6111 which is is

chosen to be 0.5 (or 1.0).

 

"In this study, we have checked that at the parton level using the Durham kT algorithm [95,96]

leads to similar conclusion.
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Cross section Acceptance

 

 

 

 

(fb) (%)

Lo NLO INIT FINAL DEC Lo NLO

(a) 15 + 113) 22.7 32.3 6.6 3.0 0.16 72 67.4

t5+t5j, ET,- > 30GeV 17.8 24.8 5.5 1.7 -O.16 57 52

t5j 0.0 10.6 6.2 2.6 1.8 0.0 22.1

t5j, ET,- > 30 GeV 0.0 3.5 2.2 0.92 0.33 0.0 7.3

(b) 15+ 113]“ 19.0 21.7 2.0 1.4 -054 60.9 45.3

t5+t5j, ET,- > 30 GeV 14.8 16.7 1.8 0.70 -0.48 47.4 34.9

t5j 0.0 5.6 3.9 1.1 0.56 0.0 11.7

35), ET,- > 30 GeV 0.0 1.9 1.4 0.40 0.08 0.0 4.0

(c) 113+ tBj 14.7 21.4 4.4 2.2 0.13 47 44.7

t5+t5j, ET,- > 30GeV 12.2 16.9 3.6 1.3 -0.17 39 35.3

t5j 0.0 6.4 3.6 1.7 1.1 0.0 13.4

t5j, ET,- > 30 GeV 0.0 2.3 1.5 0.65 0.23 0.0 4.8         
Table 5.1: The s-channel single-top production cross section and acceptance at the

Tevatron (in fb ) for different subprocesses under various scenario: (a) is for the loose

version with mm” = 2,5, 773nm:
= 3.0, and R0111 = 0.5, (b) is for the loose version

with a larger jet clustering cone size (and jet-lepton separation cut) of Rcut = 1.0,

and (c) is for the tight version of cuts with 7117"” = 1.0, I)?” = 2.0, and R6111 = 0.5.

The first two columns show the Born level and full NLO cross sections, the last three

columns the contribution from the different 0(as) processes. The decay branching

ratio t —> bW(-—2 61/) is included.
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In Table 5.1, we show the single-top production cross sections in femtobarns as

well as acceptances for different subprocesses for several sets of cuts. We apply the

ET cuts listed in Eq. (5.1) and study three separate sets of values:

a loose cuts with small R6111: 7717”” = 2.5, I)?” = 3.0, and Rout = 0.5,

o loose cuts with large R0111: I)?” = 25,77?” 2 3.0, and R0111 = 1.0,

o tight cuts with small R6111: mm” = 1.0, 713”” = 2.0, and R0111 = 0.5.

A larger value for R6111 reduces the acceptance significantly mainly because more

events fail the lepton-jet separation cut. While this is only a 16% reduction at Born-

level, the difference grows to 33% at NLO. Hence, a smaller cone size is preferred

to keep the acceptance at a high level. For events with at least three jets, imposing

a harder cut on the transverse momentum of the third jet (ETJ- > 30 GeV) only

decreases the contribution from INIT and FINAL corrections by a factor of 3. By

contrast, this cut reduced the contribution from the SDEC correction by a factor of

more than five because the top quark mass sets the scale for the top quark decay

contribution rather than the invariant mass of system. A tighter cut on jet ET also

reduces the relative contribution from the SDEC contribution in the 3-jet bin. The

ET spectrum of the gluon from the DEC contribution is softer because the available

phase space is limited by the top quark mass, which can also be seen below in Fig. 5.13.

Fig. 5.1 shows how the observed cross section changes as a function of the jet ET

cut when applying the loose set of cuts, including a requirement of at least 2 jets.

The cross section (and thus the acceptance) doesn’t change very much until the jet

ET threshold reaches about 25 GeV because the b- and 5—jets typically have high

ET. The figure also shows that a jet pseudo-rapidity cut of [77] < 2 or [7)] < 3 does

not impact the overall acceptance; the cross section only decreases significantly when
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restricting jets to the very central region ([77] < 1). This implies not only that 77 cuts

on jets should be large when separating single top events from the large backgrounds,

but also that b-tagging needs to be efficient over a large 77 range (at least [77] S, 2) to

be able to detect s-channel single top signal events.

The dependence of the fraction of 2-jet events and 3-jet events on the jet ET

cut is also shown in Fig. 5.1. At Born-level, there are only 2-jet events, whereas

0(as) corrections can produce an additional soft jet. The fraction of events with

these additional jets is low only for very high jet ET thresholds. For typical jet ET

thresholds considered by experiments of 15 GeV to 25 GeV these jets add a significant

contribution. As expected, the effect is not quite as large when only jets within a very

small 77 range are considered because the extra jet typically has higher 77. In order to

study 0((13) effects it is thus important to set the jet T] cut as high as possible and

the jet ET cut as low as possible.

As mentioned before, the event rate for single top events is small and it is impor-

tant for experiments to maximize their acceptance. We will thus use the loose set

of cut values for the following discussion: 77in“ = 2.5, 773”” = 3.0, and Rem = 0.5,

Egg?" = 15 GeV, of Eq (5.1).

5.3 Single Top Event Distributions

In this section, we study the kinematic properties of single top quark events. For the

s-channel process at the Born level, two b—jets (the b from the top quark decay and the

I) produced with the top) appear in the final state and cannot be distinguished from

each other experimentally. A prescription is needed to identify which of the two jets

corresponds to the b quark from the top decay. At NLO, an addition jet is radiated,

which further complicates the reconstruction of the top quark. This is because the
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Figure 5.1: Cross section and fraction of 3-jet events at NLO for varying jet ET cuts,

requiring only that ”jets 2 2, and not making any cuts on the electron or neutrino.

The upper figure shows the total cross section for events with 2 or 3 jets as a function

of the jet ET cut for three different jet pseudo-rapidity cuts. The lower figure shows

the fraction of 3—jet events as a function of the jet ET for different jet pseudo-rapidity

cuts. The lowest threshold considered is 15 GeV.
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additional jet can come from either the production or the decay of the top quark.

Production-stage emission occurs before the top quark goes on shell and decay-stage

emission occurs only after the top quark goes on shell. In production emission events,

the W boson and b quark momenta will combine to give the top quark momentum,

while in the decay emission event the gluon momentum must also be include to

reconstruct the top quark momentum. To find the best prescription of classifying

the gluon jet correctly, we first examine various kinematic distributions of the final

state particles. We then investigate two top quark reconstruction prescriptions: the

leading jet algorithm and the best-jet algorithm. Having chosen a prescription, the

effects of NLO corrections on distributions concerning the reconstructed top quark

are studied, in particular spin correlations between the final state particles. Finally,

we explore the impact of the radiated jet in exclusive 3-jets events.

5.3.1 Final State Object Distributions

In this section we examine various kinematical distributions of final state objects

after event reconstruction and after applying the loose set of cuts, of. Table 5.1(a)

and Eq. (5.1). We study inclusive 2-jet events in this section because they give more

reliable infrared-safe predictions.

Fig. 5.2 shows the transverse momentum of the electron and the missing transverse

momentum ET. As expected because they are leptons and not quarks, the change in

shape when going from Born-level to 0(as) is not very large for the electron or the

neutrino where the 0(073) corrections have the same shape and peak position as the

Born-level contribution. The pseudo-rapidity distribution of the electron is also given

in Fig. 5.2. This distribution widens at C(03) and shifts slightly to more positive

values of 77, but again the effect is not very large. We note that the peak position

of the ET distribution is at a higher value than that of the electron pT because the
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Figure 5.2: The transverse momentum W (a) and pseudo-rapidity 77 (b) distribu-

tions of the electron and the missing transverse energy ET (6) after selection cuts,

comparing Born-level to C(08) and full NLO.
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neutrino from the W-boson decay moves preferentially along the direction of the top

quark. This is due to the left-handed nature of the charged current interaction and

can easily be seen when examining the spin correlation between the charged lepton

and the top quark in the top quark rest frame. We will comment more on this subject

in Sec. 5.3.3.

Compared to the lepton and neutrino, the effect of the 0(as) corrections on the

reconstructed b—jet and b—jet is more pronounced. Fig. 5.3 shows a comparison of the

ET distributions of these two jets between the Born level and the 0(073) contributions.

Though it is not possible to distinguish between the b- and b—jet experimentally, it is

nevertheless instructive to consider their ET distributions individually. At the Born-

level, the transverse momentum of the b—jet peaks higher and drops off faster than

that of the b-jet, resulting in similar mean ET for the two (68 GeV for the b—jet and

71 GeV for the b—jet). Since the b—jet is produced in association with the heavy top

quark, it has a long tail into the high pT region to balance the top quark. The pT

distribution of the b—jet (from top quark decay) on the other hand is predominantly

controlled by the top quark mass and therefore peaks at ~ mt/3. The NLO QCD

corrections broaden the LO transverse momentum distributions and shift the peak

positions to lower values. The result for the mean of the distribution depends on the

cuts that are applied because the different 0(073) corrections have different effects;

in the case of the loose cuts both distributions have a mean of 66 GeV at 0(073).

The INIT correction shifts the mean of the b-jet pT distribution up while the FINAL

and DEC corrections tend to shift it down. The b—jet pT distribution receives a

large contribution from the FINAL corrections and a negligible contribution from the

DEC corrections, as expected. When a gluon is radiated from (t, b) quark line, it

prefers to move along the b—jet direction due the collinear enhancement and therefore

shifts the b—jet pT distribution to the small pT region, as shown in Fig. 5.3(d). For
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selection cuts, comparing Born-level to 0((13) corrections. The bottom row shows the

different 0(03) contributions.
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the same reason, the DEC correction to the b-jet pT distribution also peaks around

60 GeV (the Born level peak position), but it provides a negative contribution, cf.

Fig. 5.3(c). Furthermore, because the FINAL corrections are larger in size than the

DEC corrections, the resulting shift to the low pT region is stronger for the b—jet than

the b—jet.

This shift in the r) distribution of the b—jet , when comparing the Born level to

0(03), is also evident in Fig. 5.4, where in particular the FINAL correction shifts the

distribution to more central pseudo-rapidities. The top quark is so heavy that it is

mostly produced in the central rapidity region and thus its partner b—jet also peaks

around a pseudo-rapidity of zero. We note that the pseudo-rapidity distribution of

the b—jet is slightly asymmetric at the Born level, denoted by the red dotted line

in Fig. 5.4, favoring negative pseudo-rapidity. This is similar to the lepton pseudo-

rapidity asymmetry observed in the p13 ——) W+ —> (+11 events due to the ratio of

the down-quark and up-quark parton distributions inside the proton and anti-proton.

The b—jet coming from the top quark decay follows the top quark moving direction and

therefore favors a slightly positive pseudo-rapidity, denoted by the solid line in the

Fig. 5.4. The 0(05) corrections, in particular the FINAL correction, shift the B—jet

to more central regions. The shape of the b—jet pseudo-rapidity distribution remains

almost unchanged compared to Born-level because it comes from the top quark decay.

Therefore we expect to see an asymmetry between 77b and 771‘), shown below after full

event reconstruction.

The impact that the different 0(013) corrections have on the [QT of the jets is also

reflected in event-wide energy variables such as the total transverse energy (HT) in

the event, defined as

HT 2 pljfpt071+ ET + Zp’éft. (5.2)

jets
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The distribution of HT for the s-channel single top events is shown in Fig. 5.5.

Similar to the b- and B—jet pT distributions, the FINAL and DEC contributions shift

the HT distributions down, while the INIT contribution shifts it up. This is expected

because the INIT correction contributes additional energy to the event in the form of

a third jet.
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5.3.2 Event Reconstruction

When selecting single-top events we would like to take advantage not only of simple

single-object kinematics but also of correlations between objects. For that we need

to reconstruct the event completely, not just the final state jets but also intermediate

particles, in particular the W-boson and the top quark.

The W—boson can be reconstructed from the final state electron and the observed

missing transverse energy ,ET. The lack of information about the beam-direction

component of the neutrino momentum (p'z’) that would prevent this reconstruction is

overcome by requiring the invariant mass of the electron-neutrino system to be equal

to the mass of the W-boson. This additional constraint yields two possible solutions

for 192’, and typically, both of them are physical solutions for a signal event. In our

analysis, we follow the prescription in the Ref. [99] to choose the solution which has

the smaller lp’él. This picks the correct pg in about 70% of the events passing the

loose set of cuts.

To reconstruct the t0p quark, the reconstructed W-boson then needs to be com-

bined with the b—jet from the top quark decay. The challenge that has to be overcome

in this case is to identify the correct jet as the b—jet. Several different methods have

been used in the past to select this jet. The simplest method is to choose the highest-

ET jet in the event (leading jet). Another possibility that can be used when b—tagging

is available experimentally is to choose the b—tagged jet in the event. However, neither

of these methods is very successful in s—channel single top production because both

the b quark from the top decay and the 5 quark produced with the top quark have

high ET and central pseudo-rapidities. While the ET distributions are different for

b- and b—jets, Fig. 5.3 shows that they differ both in peak position and in shape. For

jet ET values above 100 GeV, the leading jet is actually more likely to be from the 5
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quark. The leading jet corresponds to the b from the top about 55% of the time in

the sample after loose cuts.

A more effective method to identify which jet corresponds to the b quark from the

top decay is to make use of the known top quark mass that is measured in tf events.

In this “best-jet” algorithm, the Wj combination that gives an invariant mass closest

to the true top mass is chosen as the reconstructed top quark. The jet thus identified

is called “best-jet” [43].

If an additional jet is produced in the decay 0(03) contribution, then the best-jet

method will not be able to reconstruct a top quark at all. We therefore need to extend

the bestejet algorithm to also include 2—jet pairs when forming a top quark. In other

words, candidates include not only Wj but also Wjj . The list of systems for which

the invariant mass is evaluated and from which the best-jet is chosen thus consists of:

(W,jet1), (W,jet2), (W,jet1,jet3), (W,jet2,jet3).I The jet (or 2-jet system) that is

thus chosen will be called the “best-jet”. Once we have identified the b-jet from the

top quark decay, we can assign one of the other jets to the b quark produced with

the top. We choose this “non-best-jet” also from the leading two jets and assign the

label to whichever of the two jets was not identified as the “best-jet”.

This method identifies the b—jet properly about 80% of the time. The effectiveness

of the best-jet algorithm is mainly limited by the efficiency of the W-boson identi-

fication method; if the W—boson is not reconstructed properly, then identifying the

b quark from the top decay becomes a random pick. Fig. 5.6 shows the dependence

of this efficiency on the transverse momentum of the b-jet. As expected, the leading

jet corresponds to the b quark from the top quark decay mostly when the transverse

momentum of the b-jet is very large. The best-jet algorithm in comparison shows

 

IThe combination (W, jet], jetg) is not considered because it is very unlikely for the gluon jet

to be one of the leading two jets due to its generally low pr and because the gluon jet will not be

b-tagged.
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Figure 5.6: Transverse momentum distribution of the b jet from the top quark decay,

for all events that pass the loose set of cuts (solid line), only for those events in which

the b jet is also the leading jet (dashed line), and only for events in which the b jet is

the best-jet (dotted line).

high efficiency for all transverse momenta.

Fig. 5.7 shows the invariant mass of the reconstructed top quark, comparing the

different methods to identify the b quark from the top decay. For the b-jet curve

in Fig. 5.7, parton-level information is used to identify which of the final state jets

contains the b quark from the top decay. If this b quark produced a gluon in decay-

stage emission, this resulting extra jet is also included when reconstructing the top

quark. For the leading jet curve, only the highest ET jet in each event is used.

The top quark width is larger than it would be at parton level even though no

smearing was applied in this study. This is the result of using the reconstructed

kinematics of the W- boson (in particular the neutrino z-momentum) rather than

parton-level information. Furthermore, since the same reconstructed W-boson was
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used in each case, differences between the individual curves are solely due to which jet

is chosen to reconstruct the top quark. Furthermore, because parton-level information

is used for the b-jet curve, it functions as a reference and upper limit for the other

methods.

As expected, using the leading jet gives a peak at the invariant mass of the top

quark with a height of about half the b—jet peak. The best-jet algorithm by contrast

shows approximately the same width and height as the b-jet curve. This is the result

of two competing effects, to be discussed in order. On the one hand the best-jet

algorithm identifies the correct jet only in some fraction of the events because the

W-boson itself is mis-reconstructed part of the time, thus reducing the height of the

curve. On the other hand the algorithm chooses an invariant mass close to 178 GeV
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Figure 5.8: Transverse momentum and rapidity of the reconstructed top quark, com-

paring Born-level to 0(03) corrections.

and thus tends to bring mis-reconstructed events closer to 178 GeV. The latter effect

is slightly larger than the former, hence the best-jet curve is slightly higher than the

b-jet curve in Fig. 5.7.

Fig. 5.8 shows the transverse momentum and rapidity of the top quark recon-

structed from the W and the best-jet. Using the best-jet in this case results in

distributions that are very similar to those obtained using the true b-jet from the top

quark decay.

5.3.3 Kinematical and Spin Correlations

Having identified the b-jet from the t0p quark decay through the best-jet algorithm,

we can now study correlations expected from event kinematics. In the s-channel

single t0p events, there is a strong correlation between the kinematics of the b and

b quarks at the Born level. This correlation is modified by gluon radiation in the

production and decay of the top quark. Fig. 5.9 shows how ()(as) effects change the
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Figure 5.9: Transverse momentum difference between the best-jet and the non-best-

jet (left) and pseudo-rapidity difference between the two (right) after selection cuts,

comparing Born-level to 0(a3) corrections.

momentum difference and the pseudo-rapidity difference between the best-jet and the

non-best-jet.

The transverse momentum difference is not affected very much. While the 0(05)

corrections affect both the 1»th and the bjet and tend to make the distribution

broader, this is a small change compared to the overall width of the distribution. The

0(as) corrections have a larger affect on the pseudo-rapidity difference, shifting the

distribution to more central values and making it broader. Both effects are mainly due

to the FINAL and DEC corrections, which tend to weaken the correlation between

the b-jet and the b—jet.

5.3.3.1 Top Polarization

In the SM, the t0p quark produced in single t0p quark events is highly polarized, and

this polarization can in principle be measured. The top quark is by far the heaviest

known fermion and the only known fermion with a mass at the electroweak symmetry-

breaking scale. Thus, it is hoped that a detailed study of tOp quark coupling to other
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Figure 5.10: Illustration of the correlation between the charged lepton from the top

decay and the top quark spin, in the top quark rest frame.

particles will be of great utility in determining if the SM mechanism for electroweak

symmetry-breaking is the correct one, or if new physics is responsible [100]. Angular

correlations among the decay products of polarized t0p quarks provide a useful handle

on these couplings.

Although the top quark is produced via the left-handed charged current, there is

no reason to believe that the helicity basis will give the best description of the top

quark spin. Choosing an appropriate basis could maximize spin correlation effects.

Two definitions for the polarization have been studied in the literature for s-channel

processes, differing by the reference frame used to define the polarization: One cal-

culation uses the helicity basis, another the so-called “optimal” basis [101,102]. Both

work in the top quark rest frame, but they have different reference axis for the top

quark spin, cf. Fig. 6.15. In the more common helicity basis the top quark spin is

measured along the top quark direction of motion in the center of mass (c.m.) frame

which is chosen as the frame of the (reconstructed top quark, non-best-jet) system

after event reconstruction. In the optimal basis (beamline basis) we can maximize
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the spin correlations by taking advantage of the fact that the top quark produced

through the s-channel single top quark processes is almost 100% polarized along the

direction of the d—type quark. In the discussion below, we will examine the polariza-

tion of single top quark events in both cases. The particular strength and weaknesses

of both methods were discussed in Ref. [42]. In the discussion below, we will examine

the polarization of single top quark events in these two bases.

It has been pointed out that among the decay products of top quark the charged

lepton is maximally correlated with the top quark spin [101,102]. We can thus ob-

tain the most distinctive distribution by plotting the angle between the spin axis

and the charged lepton in the top quark rest frame. Before examining this spin cor-

relation effect for a particular process or in a particular basis, it is worthwhile to

give a schematic picture. Due to helicity conservation and the left-handedness of

charged current interactions, the W-boson from the top quark decay can be either

longitudinally or left-handed polarized. This is true for a massless b quark and dia-

grammatically shown in Fig. 5.10. The figure shows the preferred moving direction

of the lepton from a polarized W—boson in the rest frame of a polarized top quark.

When the W+ is left—handed polarized, the fact that the b quark must be left-handed

forces it to move along the direction of the top quark polarization, cf. the upper part

of Fig. 5.10(a). The W+ thus moves against this direction. When the W+ decays,

the charged anti-lepton (6+) must be right-handed, hence it prefers to move against

the W+ direction, in the same direction as the top quark polarization. When the W+

is longitudinally polarized, it prefers to move in the same direction as the top spin,

of the lower part of Fig. 5.10(a). Its decay products prefer to align along the W+

polarization, and since the W“L is boosted in the direction of the top quark polar-

ization, the charged anti-lepton again prefers to move along the top quark spin axis.

Since in both cases the charged anti-lepton moves against the top quark direction of

106



motion, the neutrino from the W+ decay will be harder than the charged anti-lepton,

as shown in Fig. 5.2(c). Similarly, the preferred moving direction of the charged

anti-lepton from a right-handed polarized top quark is illustrated in Fig. 5.10(b). For

simplicity, we will continue to use the phrase “charged lepton” when referring to the

charged anti-lepton from the W decay.

In the helicity basis, the polarization of the top quark is examined as the angular

distribution (cos 6,,61) of the lepton in the c.m. frame of the incoming partons relative

to the moving direction of the top quark in the same frame. The angular correlation

in this frame is given by

fit ' I7;

4*li

lPtl ng

COS ghel =

where 13} is the top quark three-momentum defined in the c.m. frame of the two

incoming partons, and 15'; is the charged lepton three-momentum defined in the rest

frame of the top quark. For a left-handed top quark, the angular correlation of

the lepton 6+ is given by (1 — cos 6,,61) /2, and for a right-handed top quark, it is

(1+ COS 6hel)/2-

In order to study the top polarization in helicity basis, the c.m. frame needs to

be reconstructed in order to define the top quark momentum. Due to additional jet

radiation, the determination of the c.m. frame at NL0 is more complicated than at

the Born-level. The additional radiation will also blur the spin correlation, therefore,

choosing the appropriate frame will reduce this effect. In this study, two options for

reconstructing the c.m. frame are investigated:

1. tb(j)-frame: the c.m. frame of the incoming partons. This is the rest frame

of all the final state objects (reconstructed tOp quark and all others jets). In

exclusive two-jet events, this frame is the same as that at the Born-level, i.e.
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reconstructed from summing over momentum of the t0p quark and non-best—jet.

In exclusive three-jet events, this frame is reconstructed by summing over the

4-momenta of top quark, non-best-jet, and the third-jet from the parton level

calculation.

2. tb-frame: the c.m. frame of the top quark and non-best-jet. In this case, even

in the exclusive three-jet events, the reference frame is constructed by summing

over only the 4-momenta of the top quark and non-best-jet. Note that this

differs from the tb(j )-frame only in exclusive three-jet events.

As shown in Table 5.2 and discussed below, the degree of top polarization is larger in

the tq-frame than in the tq(j)-frame. Therefore, in the figures below we only display

the top quark polarization in the tq-frame.

Fig. 5.11 shows that this linear relationship for cos 01,81 is indeed a valid description

for s-channel single top events at the parton level. The figure also shows that the top

quark is not completely polarized in the helicity basis, and that this polarization is

weakened further when including 0(as) corrections. After reconstruction the effect

of the lepton-jet separation cut can be seen as a drop-off of the cos Bhel distribution

close to a value of —1.

In the “optimal” basis, the relevant angular correlation for the s-channel process

is cos 60]”, defined as

[5013* . 13.;

3“:
'11)“ng

cos 90pt =

where 15']; is the anti-proton three-momentum in the top quark rest frame and 15’; is

the lepton three-momentum in the top quark rest frame. In this analysis, we orient

the coordinate system such that the protons travel in the positive 2: direction; the anti-

protons travel in the negative 2 direction. For a top quark polarized along the anti-
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proton moving direction, the angular distribution of the lepton 6+ is (1 + cos 00m) /2,

while for a top quark polarized along the proton moving direction it is (1 —-cos 0019f) / 2.

Fig. 5.12 shows that this linear relationship for cos 001,, is a valid description for .9-

channel single top events at the parton level. Moreover, in contrast to the helicity

basis, the top quark is almost completely polarized in the “Optimal basis” at parton

level, and the 0((13) corrections don’t change this picture very much.

109



However, in this case the event reconstruction itself has a significant effect on the

distribution. The reconstructed cos Gopt distribution also shows a drop-off, in this

case at high cos 60m, which is due to the 17 cut on the lepton.

To better quantify the change in polarization, it is useful to define the degree of

polarization ’D of the top quark. This is given as the ratio

N- —N+
D:—

N_+N+,

(5.5)

where N- (N+) is , the number of left-hand (right-hand) polarized top quarks in the

helicity basis. Similarly, in the optimal basis, N_ (N+) is the number of top quarks

with polarization against (along) the direction of the anti-proton three momentum in

the top quark rest frame 7313* . The angular distribution is then given by [103]

   

I do __ N_ 1+cosH+ N+ 1—cosH

ad(cos€) _ N..+N+ 2 N_+N+ 2

1

= ~2—(1+Dc056,-).

A simple algebra leads to the following identity:

1 do

D = 3 ——d ./1xadr 1:, (56)

do . . . . . .

where — is the normahzed differential cross section as a functlon of the polar angle

0dr

1?. Here, 1: denotes cos 0;,81 in the helicity basis and cos Oopt in the “optimal basis”.

Based on the degree of polarization D, we can easily get the spin fractions .73; as:

N_ I
f_ : __—'_ = i,

N- +1V+ 2

N I—D

N_.+N+ 2

Note that .73.. (.7-"+) is the fraction of left—handed (right-handed) polarized top quarks in

the helicity basis. Similar, in the optimal basis, f_(f+) is the fraction of top quarks
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J:

LO NLO LO NLO LO NLO

Helicity basis: Parton(tb(j)-frame) 0.63 0.54 0.82 0.77 0.32 0.27

Parton(tb-frame) 0.63 0.58 0.82 0.79 0.32 0.29

Recon. (tb(j)-frame) 0.46 0.37 0.73 0.68 0.21 0.21

Recon. (tb-frame) 0.46 0.37 0.73 0.68 0.26 0.21

Optimal basis: Parton -0.96 -0.92 0.98 0.96 -0.48 -0.46

Recon. -0.48 -0.42 0.74 0.71 -0.24 -0.21       
Table 5.2: Degree of polarization D, polarization fraction .7, and asymmetry A for

inclusive two-jet single top quark events, at the parton level (Parton) and after event

reconstruction (Recon), in the s-channel process. Here, .7 corresponds to f. in the

helicity basis for left-handed top quarks and to f... in the optimal basis for top quarks

with polarization along the direction of anti-proton three momentum, respectively.

The tbg frame in the helicity basis denotes the c.m. frame of the incoming partons

while tb frame denotes the rest frame of the reconstructed top quark and b quark.

with polarization against (along) the direction of the anti-proton three momentum in

the top quark rest frame.

We can also define the asymmetry .A of the distribution as

_ fgl (10(0036) — fol do(cos€)

_ f9, da(cos 0) + fol d0(cos 6).

 (5.3)

It is easy to check that without imposing any kinematic cuts, D = 2A. Furthermore,

the ratio of top quarks with spin along the basis direction will be T1 = 0.5 - A when

no cuts are applied. However, when cuts are imposed, the two relations break down.

Table 5.2 shows that the relationship D = 2A indeed holds at parton level (within

rounding errors) and is still approximately true at 0(a3). We present our result at
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Helicity basis: Parton level (tbg frame) 0.45 0.72 0.25

Parton level (tb frame) 0.49 0.74 0.27

Reconstructed events (tbg frame) 0.36 0.68 0.21

Reconstructed events (tb frame) 0.37 0.68 0.21

 

optimal basis: Parton level —0.81 0.91 -0.45

Reconstructed events -0.38 0.69 -0.19   
 

Table 5.3: Degree of polarization D, polarization fraction 1:, and asymmetry A for

exclusive three-jet single top quark events, at parton level and after event reconstruc-

tion, in the s-channel process. Here, .7: corresponds to f. in the helicity basis for

left-handed top quarks and to 73+ in the optimal bases for top quarks with polariza-

tion along the direction of anti-proton three momentum, respectively. The tbg frame

in the helicity basis denotes the c.m. frame of the incoming partons while the tb frame

denotes the rest frame of the reconstructed top quark and b quark.

the parton level, both before and after event reconstruction. We found that at the

parton level stage the “optimal basis” presents a significant improvement over the the

helicity basis at both the Born level and NLO. The top quark is almost completely

polarized in the optimal basis. However, after event reconstruction both bases give

almost the same spin fractions. This is a result of the constraint on the W mass when

reconstructing the neutrino. This constraint has the effect that the gain from using

the optimal basis is lost again and the helicity basis is equivalent to the optimal basis

in terms of polarization. Furthermore, the 0(a3) corrections reduce the polarization

already at the parton level in both the helicity and optimal basis. The result of

exclusive three-jet events is shown in Table 5.3.

Before concluding this section, we note that the relative amounts of production-

and decay-stage emission depend sensitively on the kinematic cuts applied. Also, we
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do not show the transverse momentum distribution of the tb pair or their azimuthal

angle separation because those distributions are sensitive to multiple gluon radiations,

and they can only be reliable predicted using a resummed calculation [35].

5.3.4 Distributions for three-jet event

As shown in Fig. 5.1, a large fraction of the events passing the loose selection cuts

contains three jets. In this section we focus on the properties of the additional jet.

5.3.4.1 Kinematic Distribution of the Extra Jet

Initial- and final-state emission of additional gluons occurs before the top quark goes

on shell and can thus be considered as “production-stage emission”, while decay-stage

emission occurs only after the top quark goes on shell. In principle, an event with

an extra jet can thus be classified as production-stage or decay-stage by looking at

the invariant mass of the decay products. In production-stage emission events, the

W-boson and b—quark momenta will combine to give the top momentum. In decay-

stage emission events, the gluon momentum must also be included to reconstruct

the top momentum. This interpretation is exact at the parton level in the narrow

width approximation. Finite top width effects can blur it due to interference between

production-and decay-stage emission. This classification is nevertheless still useful in

our case because the top width of 1.5 GeV is small compared to the hard gluon ET cut

imposed in the MC calculations. It should be kept in mind that in an experiment,

the production-decay distinction is further blurred by the experimental jet energy

resolution and ambiguities associated with properly assigning partons to jets and the

like.

Fig. 5.13 shows the transverse momentum distribution as well as the pseudo-

rapidity distribution for the third jet in 3-jet events. This jet corresponds to the
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Figure 5.13: Transverse momentum (left) and pseudo-rapidity of the third jet after

selection cuts for the various 0(a3) contributions.

gluon in about 70% of the events after the loose set of cuts.

Note that production-stage emission is dominant over decay-stage emission be-

cause the decay contribution is determined not by the collider energy, but by the

phase space of a 178 GeV top-quark decay. As expected, the ET distribution is

steeply falling for all contributions, but it extends to much higher ET values for

production-stage emission. The smaller values of ET to which decay emission is con-

strained are again a consequence of the top decay kinematics. Recall that the top

quarks are produced with relatively modest transverse momentum (cf. Fig. 5.8), so

that gluons from the decay do not receive much of a boost. Note also that an in-

crease in the ET cut on the jet would result in a further reduction in relative size

of the decay contribution compared to production. Fig. 5.13 also shows the distri-

bution in pseudo—rapidity of the extra jet. Initial-state emission is relatively flat in

pseudo—rapidity, as compared to the more central decay emission. This is consistent

with our intuition that decay-stage radiation, being associated with the final-state
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Figure 5.14: Distance between the third jet and the best-jet (left) and distance be-

tween the third jet and the non-best-jet (right) after selection cuts for the various

0(03) corrections.

particles - which tend to appear in the central pseudo-rapidity region - is also likely

to be produced centrally. But this decay contribution is small and production-stage

radiation dominates even in the central region. Also, final-state emission and decay

emission have a tendency to follow the direction of the b—jet and b-jet respectively,

hence the decay ()(Os) contribution peaks at a positive 17 value while the final state

0(1),.) contribution peaks at a negative 77 value, of. Fig. 5.4.

This tendency of decay-stage radiation to be associated with the final-state b

quarks might lead one to expect that if the extra jet is “near” the b—jet it should

be included in the mass reconstruction, and if it is not then it should be excluded.

Fig. 5.14, which shows the distribution in AR between the extra-jet and the best-jet,

confirms that the decay-stage radiation peaks close to the best-jet, and production-

stage radiation peaks farther away. Unfortunately, the production contribution is so

large that it dominates even at the low AH cutoff. A higher ET cut on the jet would

make this situation even worse. The best choice of what is “near” the b quark will

therefore balance the competing effects of decay emission falling outside the cone and



production emission falling inside the cone. In Fig. 5.14, the equivalent distribution

in AR between the extra jet and the non-best-jet is also shown, where the production-

stage radiation peaks close to the non-best-jet due to the effect of gluon radiation in

the final state.

Tuning a prescription for dealing with the extra jet in s-channel single top events is

further complicated because effects of multiple emission, hadronization, and detector

resolutions will affect the result.

Finally, we point out that the above conclusion does not strongly depend on the

choice of jet algorithm. We have checked that at the parton level using the Durham

kT algorithm [95, 96] leads to similar conclusion on the relative importance of the

production- and decay-stage gluon emission.

5.3.4.2 Angular Correlation Between the Extra Jet and the Best-Jet

While we cannot use the angular distance between the gluon jet and the b-jet to

distinguish production-stage emission from decay-stage emission, it is nevertheless

possible to separate the two using the best-jet algorithm.

The left-hand side of Fig. 5.15 shows the angular correlation c036 between the

gluon and the b quark at parton level before cuts. The right-hand side of the same

figure shows the same correlation after event reconstruction between the third jet

and the best-jet. In this case there is a clear separation between production-stage

and decay-stage emission and the best-jet algorithm can be used to separate the two

because only those events are included in the plot for which the best-jet algorithm

consists of exactly two jets.
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Figure 5.15: Angular correlation c036 between the gluon and the b quark before any

selection cuts using the full parton information (left) and between the third jet and the

best-jet after selection cuts (right). The solid line shows all 0(a8) contributions except

for the decay part, while the dashed line shows only the 0(013) decay contribution.

5.4 Single Top Production as Background to SM Higgs

Searches

The s-channel single top quark process also contributes as one of the major back-

grounds to the SM Higgs searching channel qtj —& WH with H -—+ bb. In this case it is

particularly important to understand how 0((15) corrections will change distributions

around the Higgs mass region.

Because of the scalar property of the Higgs boson, its decay products b and b have

symmetric distributions. Fig. 5.16 shows the invariant mass distribution of the b-jet,

b—jet pair. For a Higgs signal, this invariant mass of the two reconstructed b-tagged

jets would correspond to a plot of the reconstructed Higgs mass. Thus, understanding

this invariant mass distribution will be important to reach the highest sensitivity for

Higgs boson searches at the Tevatron. The figure shows that at 0(03), the invariant

mass distribution not only peaks at lower values than at Born-level, it also drOps

Off faster. This change in shape is particularly relevant in the region focused on by
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Figure 5.16: Invariant mass of the (b—jet, b—jet) system after selection cuts, comparing

Born-level to 0(a3) corrections.

SM Higgs boson searches of 80 < "’66—<140GeV which is also at the fb level. In

particular the DEC contribution, while small overall, has a sizable effect in this region

of the invariant mass and will thus have to be considered in order to make reliable

background predictions for the Higgs boson searches.

Other kinematic distributions are also changing in shape when going from Born-

level to 0((15). Fig. 5.17 shows the distribution of cost) for the two b-tagged jets,

where 0 is the angle between the direction of a b—tagged jet and the direction of

the (b-jet, b-jet) system, in the rest frame of the (b-jet, b—jet) system. Experiments

cannot distinguish between the b- and the b—jets, we therefore include both the b-jet

and the b—jet in the graph. This distribution is generally flat at Born-level, with a

drop-off at high c030 due to jet clustering effects, and a drop-off at negative c036 due

to kinematics. The 0((13) corrections change this distribution significantly and result

in a more forward peak of the distribution, similar to what is expected in Higgs boson

production.
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after selection cuts, comparing Born-level to 0(03) corrections.

5.5 Conclusion

We have presented a next—to—leading order study of .s-channel single top quark events

at the Tevatron, including 0((13) QCD corrections to both the production and decay

of the top quark. To obtain an accurate prediction of the inclusive rate of s-channel

single top production, a “modified” narrow width approximation was adopted to link

the production of the tOp quark with its decay (and thus preserve top quark spin

information) instead of the usual narrow width approximation. In the former, a

Breit-Wigner distribution of top quark mass is generated in the phase space generator

of the Monte Carlo program, and the generated mass is also used to calculate the

scattering matrix elements. Hence, the effect of the top quark width is included. I11

the latter, a fixed value of top quark mass is used. The impact of kinematical cuts on

the acceptances has been studied for several different sets of cuts. We found that the

difference between Born level and NLO acceptances is about 5% for two different sets

of pp and 7} cuts. This difference becomes significantly larger when changing the jet

Clustering cone size and jet-lepton separation cut Rant from 0.5 to 1.0. Consequently,
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a constant K-factor cannot be used to normalize Born-level distributions to NLO,

especially for large values of Rem.

We categorize the C(03) contributions to the s-channel single top process into

three gauge invariant sets: the initial state corrections, the final state corrections and

the tOp quark decay corrections. The 0(03) corrections are significant in size and

contribute over 40% of the inclusive cross section at NLO, a large fraction of which in

events with three reconstructed jets in the final state. They also affect the shape of

some of the important kinematical distributions that might be used experimentally

to separate the s-channel single top signal from the various backgrounds. Among

the higher order QCD corrections, the initial state correction dominates over the

corrections from the final state and top decay processes in all inclusive single particle

kinematical distributions. This implies that in particular the initial state soft gluon

resummation effects need to be modeled properly in single top event generators. We

have also found that the 0(a3) decay contribution, while small in size, has a significant

impact on several distributions.

In order to study top quark properties such as the top quark polarization, we need

to reconstruct the top quark by combining the reconstructed W boson with one of the

jets in the event. There is an ambiguity in the choice of jet for this reconstruction due

to the presence of two b jets in the event (theb quark from the top quark decay and the

5 quark produced with the top quark). We use two different methods to resolve this

ambiguity: the leading jet (highest pT jet) and the best-jet (giving a Wj invariant

mass closest to 178 GeV). Our study shows that the best—jet algorithm identifies the

correct jet in about 80% of the events while the leading jet is the correct jet in only

55% of the events. We thus choose the best-jet algorithm to explore kinematical

correlations in the event.
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The top spin correlation is examined in both the helicity basis and optimal basis.

At parton level, without any kinematical cuts, both bases show strong correlations,

with a polarization fraction of 98% in the optimal basis and 82% in the helicity basis.

The measured polarization as well as the difference in fraction of polarization between

the optimal basis and the helicity basis is reduced after event reconstruction due to

the event selection cuts and the top quark reconstruction procedure (imperfect W

reconstruction). It is further reduced by the 0(a3) corrections, resulting in a fraction

of polarization of about 70% in both basis at NLO.

As a major irreducible background to WiH searches, the s-channel single top

quark process needs to be well understood in order to discover the Higgs boson or set a

bound on the Higgs boson mass. We showed that the 0(as) corrections have an effect

on distributions that are used in WiH searches, in particular in the Higgs mass region

115 GeV S mH g 130 GeV. The contribution from the top quark decay process, has

a sizable effect in this region of the invariant mass distribution of the b and 5 jets.

The decay contribution also affects the shape of other kinematical distributions, and

reliable background predictions in Higgs boson searches will therefor need to include

higher order QCD corrections.
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Chapter 6

Phenomenology: t-channel

In this chapter we explore the final state objects of t—channel single top quark events.

Although the W-boson from the top quark decay can decay in both leptonic and

hadronic modes, we focus only on the leptonic decay mode in this study because the

all-jet production mode of single top quark events is difficult to observe experimen-

tally. Therefore, the signature of t-channel single top quark events which is accessible

experimentally consists of one charged lepton, missing transverse energy, together

with two or three jets. Since we are studying the effects of NLO QCD radiative cor-

rections on the production rate and the kinematic distributions of single top quark

events at the parton level in this work, we do not include any detector effects, such

as jet energy resolution or b-tagging efficiency. Only an approximation of kinematic

acceptances of a generic detector are considered. Since the Tevatron is p13 collider,

and p13 is a CP-even state, the production cross sections for qf(j) at the Tevatron

are the same as those for tq(j ) (when ignoring the small CP violation effect induced

by the CKM mixing matrix in quarks). For simplicity we therefore only consider

distributions of t-channel single top quark events in this work in which a t quark (not

including 0 decays into W+(—> Fry) and a b quark. In this section, we first present

the event topology of the t-channel single top process, and then introduce a jet finding

algorithm and the various kinematical cuts in order to study the acceptance.
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Figure 6.1: Pictorial illustration of the notation used in this paper.

6.1 Event Topology

At tree level, the collider signature of the t-channel single top process includes two jets

(one b-tagged jet from the b quark from the top quark decay, and one non-b—tagged jet

from the light quark), one charged lepton, and missing transverse energy (ET) in the

final state. This signature becomes more complicated beyond tree level, as Fig. 6.1

indicates. The light quark jet is also called “spectator jet”, and the label “untagged

jet” refers to all jets which do not contain a b or b quark.

At NLO, besides the charged lepton and ET, there may be two jets (one b—tagged

jet and one untagged jet) as for the Born-level, or there may be three jets. The flavor

composition of the three-jet final state depends on the origin of the third jet. When

it is a gluon or anti-quark (cases (a-c) in Fig. 6.2), there is one b—tagged jet and two

untagged jets. When it is a b quark (case (d) in Fig. 6.2, also called W-gluon fusion),

there are two b-tagged jets and one untagged jet. Therefore, prescriptions are needed

to identify the b jet from the top quark decay and the light quark jet produced with

the top quark.

In our study, we differentiate the following three cases:

1. Born-level-type exclusive two-jet events (containing the b quark and the light
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Figure 6.2: Representative diagrams of the real emission corrections for the t-channel

single top process: (a) and (b) represent the real radiative corrections to the LIGHT

quark line, while (c) and (d) represent the real radiative corrections to the HEAVY

quark line. The NLO QCD corrections are indicated by the large shaded ellipse.

Detailed Feynman diagrams can be found in Fig. 3.2 and Fig. 3.3.

w

quark):

In Born-level type events, i.e. without an additional hard jet, the final state is

given by the b jet from the top quark decay and the light quark jet produced

with the top quark. Experimentally, this configuration is easily reconstructed

because the b—tagged jet is identified as the b quark, and the untagged jet is

assigned to the spectator jet. We note that in our phenomenology study to

be presented in Sec. 6.3 we shall concentrate on inclusive two-jet events and

exclusive three—jet events.

. Exclusive three-jet events with one b jet (containing the b quark, the light quark,

and a gluon or anti-quark):

When the radiated gluon is reconstructed as a separate jet in the LIGHT,

TDEC, or HEAVY corrections, the final state contains one I) jet and two other

jets. As shown later, the transverse momentum and energy differences can be
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used to separate the spectator jet from the gluon jet (third jet). The transverse

momentum of the spectator jet, which comes from the initial quark (q) after

emitting the effective W—boson, peaks around ~ MW/2, thus its energy is large.

In comparison, the transverse momentum of the gluon jet is small. Due to the

collinear enhancement, the resolved gluon jet prefers to move along the beam

line direction at smaller transverse momentum (pT) for both the LIGHT and

HEAVY corrections, and along the b quark moving direction for the TDEC

correction.

3. Exclusive three-jet events with one b jet and one b jet (containing the b quark,

the light quark, and a b quark):

This final state is produced in the W-gluon fusion process, case (d) of Fig. 6.2.

In this case, the spectator jet can be uniquely identified, but the b jet from the

top decay cannot because heavy flavor tagging algorithms do not distinguish

b jets from b jets experimentally. Although the likelihood of tagging two b—jets

is smaller than that of tagging a single b—jet, requiring two b-tagged jets will

suppress the QCD and W+jets backgrounds significantly. We again can use

transverse momentum differences to separate b jets from b jets. The b jet from

the top quark decay has a transverse momentum peaking around mt/3, while

the b jet from gluon splitting tends to move along the beam line (the gluon-

moving direction) due to the collinear enhancement and is much softer. These

kinematic differences also enable us to separate the t-channel process from the

s—channel process, recalling that in the s-channel process, both the b jet and the

b jet are preferentially produced at central rapidity and large pT.

The unique signature of the t-channel single top process is the spectator jet in the

forward direction, which can help to suppress the copious backgrounds, such as Wbb
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and ti production. Studying the kinematics of this spectator jet is important in order

to have a better prediction of the acceptance of t-channel single top quark events and

of the distribution of several important kinematic variables. In this work, we study the

impact of the NLO QCD corrections on the kinematic properties of the spectator jet.

As pointed out in Ref. [26], in the effective-W approximation, a high-energy t-channel

single top quark event is dominated by a longitudinal W boson and the b quark fusion

diagram. It is the same effective longitudinal W boson that dominates the production

of a heavy Higgs boson at high energy colliders via the W-boson fusion process. For

a heavy SM Higgs boson, the longitudinal W boson fusion process dominates the

Higgs boson production rate. Therefore, it is also important to study the kinematics

of the spectator jet in t—channel single top quark events in order to have a better

prediction for the kinematics of Higgs boson events via the WW fusion process, i.e.

q6(WW) —+ Hq'rj’ at hadron colliders.

6.2 Acceptance

In order to meaningfully discuss the effects of gluon radiation in single top quark

events, we must define a jet as an infrared-safe observable. In this study, we adopt

the cone-jet algorithm [92] as explained in Chapter 5.1. More specifically, we adopt

the E-scheme cone-jet approach (4-momenta of particles in a cone are simply added to

form a jet) with radius R =Win order to define b, q and possibly extra 9,

(i, or b jets, where A17 and Acb are the separation of particles in the pseudo-rapidity n

and the azimuthal angle 4), respectively. For reference, we shall consider both R = 0.5

and R = 1.0. The same R-separation will also be applied to the separation between

the lepton and each jet.
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The kinematic cuts imposed on the final state objects are:

Pf 2 MW . lnel s 772"”.

ET _>_ 15 GeV ,

E3, 2 15 GeV , [ml 3 775"”,

ARIZJ' 2 Rout , ARjj 2 Rent. (5-1)

where the jet cuts are applied to both the b- and light quark jets as well as any gluon

or antiquark jet in the final state. Two lepton pseudo-rapidity cuts are considered

here: a loose version with 7727“” = 2.5 and a tight version with 172”” = 1.0. Similarly,

loose and tight cuts are also considered for the jet pseudo-rapidity, 77?” = 3.0 and

775”” = 2.0, respectively. The minimum transverse energy cuts on the lepton as well

as the jets is 15 GeV. Each event is furthermore required to have at least one lepton

and two jets passing all selection criteria. The cut on the separation in R between

the lepton and the jets as well as between different jets is given by Rout which is is

chosen to be 0.5 (or 1.0).

In Table 6.1, we show the single top production cross sections in fb for the loose

and tight set of cuts listed in Eq. (6.1) for the different subprocesses. A larger value

for Rout reduces the acceptance significantly mainly because more events fail the

lepton-jet separation cut. While this is only a 13% reduction at the Born-level, the

difference grows to 25% at NLO. Hence, a smaller cone size is preferred in order to

keep the acceptance at a high level. For events with at least three jets, imposing a

harder cut on the transverse momentum of each jet (ETj > 30 GeV) decreases the

contribution from the LIGHT and HEAVY corrections by a factor of 3 to 4, but the

contribution from the TDEC correction by more than a factor 6. This large reduction

occurs because the t0p quark mass sets the scale for the top quark decay contribution

rather than the invariant mass of tq’ system, resulting in a softer jet ET spectrum for
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a [fb] LO NLO Heavy Light Decay

 

Tevatron (a) tq + tqj 65.6 64.0 4.9 -3.4 -O.59

tq+tqj,ET,->30Gev 46.3 44.0 4.2 -33 —1.7

 

tqj 25.3 15.5 5.1 4.8

tqj, ET,- > 30 GeV 7.4 5.4 1.3 0.75

Tevatron (b) tq + tqj 56.8 48.1 -0.45 -4.4 -2.2

tq+tqj,ETJ->30GeV 40.1 33.3 0.0 -33 —2.1

 

tqj 14.8 10.8 2.2 1.7

tqj, ET,- > 30 GeV 4.5 3.7 0.58 0.20

Tevatron (c) tq + tqj 31.1 34.0 5.8 -2.8 0.82

tq+tqj,ET,->30Gev 24.4 24.2 3.8 -27 -07

tqj 11.4 6.7 2.4 2.3      tqj,ET,->30Gev 3.9 2.8 0.74 0.41
 

Table 6.1: The t-channel single top production cross section at the Tevatron (in fb

) for different subprocesses under various cut scenarios: (a) is the loose version with

1717"” = 2.5, 725”” = 3.0, and Beat 2 0.5, (b) is the loose version with a larger

jet clustering cone size (and jet-lepton separation cut) of Rout = 1.0, and (c) is

the tight version of cuts with 1717"” = 1.0, 1777“” = 2.0, and Rent = 0.5. The first

two columns show the Born-level and full NLC cross sections, the last three columns

show the contributions from the different 0(as) processes. The decay branching ratio

t —-> bW(—r eu) is included.
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the TDEC correction (cf. Fig. 6.21, to be discussed in Sec. 6.3.4).

Figure 6.3 shows how the observed cross section changes as a function of the jet

ET cut when applying the loose set of cuts, including a requirement of there being

at least two jets in the event. The figure also shows the dependence of the fraction

of two-jet events and three-jet events on the jet ET cut. At the Born-level, there

are only two-jet events, whereas 0(as) corrections can produce an additional soft

jet. The fraction of events with these additional jets is low only for very high jet ET

thresholds. For typical jet ET thresholds considered by experiments of 15 GeV to

25 GeV these jets add a significant contribution. As expected, the effect is not quite

as large when only jets within a very small 77 range are considered because the extra

jet typically has higher 17. In order to study 0(013) effects it is thus important to set

the jet 7} cut as high as possible and the jet ET cut as low as possible.

As mentioned before, the event rate for single top quark events is small and it is

important for experiments to maximize their acceptance. We will thus use the loose

set of cut values for the following discussion: 71m“ = 2.5, 777.7101? = 3.0, and th = 0.5,
l J

ER?" = 15 GeV, cf. Eq. (6.1).

6.3 Single Top Quark Event Distributions

In this section we examine the kinematic properties of single top quark events. As

discussed in the previous section, the signature of the t—channel process includes at

least one b—tagged jet, one untagged jet, one charged lepton, and missing energy. At

the Born-level, it is straightforward to identify the single top final state using the b-

tagged jet and the reconstructed W boson to reconstruct the top quark and identifying

the spectator jet as the light quark. At NLO, however, an additional jet is radiated,

which will complicate the reconstruction of the top quark final state. First, this is
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Figure 6.3: Cross section and fraction of three-jet events at NLO for varying jet

pT cuts, requiring only that Til-mg, 2 2, and not making any cuts 011 the electron

or neutrino. Shown is the total cross section for events with two or three jets as a

function of the jet ET cut for three different jet pseudo—rapidity cuts (a) and the

fraction of three-jet events as a function of the jet pT for different jet pseudo-rapidity

cuts (b). The lowest threshold considered is 15 GeV.
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because the additional jet can be either a b-tagged jet or an untagged jet. When it is

the b—tagged jet, we need to select the correct b quark from the two possible jets in the

finial state to reconstruct the top quark. When it is the untagged jet, we need to select

the correct spectator jet. Second, the additional untagged jet can come from either

the production or the decay of the top quark. Production-stage emission occurs before

the top quark goes on shell and decay-stage emission occurs only after the top quark

goes on shell. In production emission events, the W boson and b quark momenta

will combine to give the top quark momentum, while in the decay emission event

the gluon momentum must also be included in order to reconstruct the top quark

momentum properly. To find the best prescription for identifying the correct b jet

and spectator jet, we first examine various kinematic distributions of the final state

particles. We then investigate two top quark reconstruction prescriptions: using the

leading b—tagged jet and the best jet algorithm. Choosing the b-tagged jet prescription,

we can also improve the reconstruction efficiency for the W boson. We then study the

effects of NLO corrections on distributions concerning the reconstructed top quark,

in particular spin correlations between the final state particles. Finally, we explore

the impact of the radiated jet in exclusive three-jets events. We use only the loose set

of cuts to maximize the efficiency when examining the distributions and efficiencies

in detail.

6.3.1 Final State Object Distributions

6.3.1.1 Charged Lepton and Missing Transverse Energy

In this section we examine various kinematic distributions of final state objects af-

ter event reconstruction and after applying the loose set of cuts, cf. Table 4.2 and

Eq. (6.1). We concentrate on inclusive two-jet events in this section because they give

more reliable infrared-safe predictions.
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Figure 6.4: The transverse momentum W (a) and pseudo-rapidity 17 (b) distribu-

tions of the electron and the missing transverse energy ET (c) after selection cuts,

comparing Born-level to 0(03) corrections.
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Figures 6.4 (a) and (c) show the transverse momentum of the electron and the

missing transverse energy ET, respectively. As expected, because they are leptons and

not quarks, the change in shape when going from Born-level to NLO is not very large

for the electron or the missing transverse energy. The pseudo-rapidity distribution of

the electron is given in Fig. 6.4(b). This distribution widens at NLO, but again the

effect is small because the overall 0(a3) contribution to the event rate is small, cf.

Table 4.2. We note that the peak position of the ET distribution is at a higher value

than that of the electron pT because the neutrino from the W-boson decay moves

preferentially along the direction of the top quark. This is due to the left-handed

nature of the charged current interaction and can easily be seen when examining the

spin correlations between the charged lepton and the top quark in the top quark rest

frame. We will comment more on this subject in Sec. 6.3.3.

6.3.1.2 Spectator Jet

The differences between the s-channel and t-channel single top processes at the Born-

level are that the former has two b-taggable jets in the final state (the b quark and

the b quark) while the latter only has one b-taggable jet and also has one light quark

jet. This untagged jet (spectator jet) is a unique feature of the t-channel process

which can be used to disentangle t-channel single top quark events from the copious

backgrounds. Therefore, its kinematic distributions need to be well studied, especially

the impact of 0(as) corrections on the features which make this jet a unique signature,

such as the spectator jet pseudo-rapidity, cf. Fig. 6.5.

The pseudo-rapidity distribution of the spectator jet is asymmetric because the

Tevatron is a p13 collider [26]. In order to produce a heavy top quark decaying to

a positively charged lepton, the valence quark from the proton is most important,

implying that the light quark will tend to move in the proton direction. We define
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of the spectator jet after selection cuts, comparing Born-level to 0((13) corrections.
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the positive z-direction to be the proton direction in the laboratory frame, thus the

pseudo-rapidity of the spectator jet will tend be positive. Similarly, the spectator jet

in an anti-top quark event produced from the t-channel process will preferably be at

a negative pseudo-rapidity due to the large anti-up quark parton distribution inside

the antiproton. The 0(03) corrections shift the spectator jet to even more forward

pseudo-rapidities due to additional gluon radiation. However, since the 0(as) cor—

rections are small compared to the Born-level contribution, the spectator jet pseudo-

rapidity distribution only shifts slightly. As Fig. 6.6 shows, the LIGHT and HEAVY

contributions have almost opposite behavior. The former shifts the spectator jet to

even higher pseudo-rapidities, while the later shifts it more to the central rapidity

region. This behavior is due to two different effects, as illustrated in Fig. 6.6 (b),

in which “PA” denotes that the light quarks come from the proton while the bottom

quarks from the anti-proton and vice versa for “AP”. After separating the contribu-

tions by whether the light quark is from the proton or the antiproton, it can be seen

that the HEAVY corrections shift the proton contribution down and the antipro-

ton contribution up due to the slight change in acceptance caused by the additional

jet. The LIGHT corrections show the opposite tendency. For the TDEC contribu-

tion, all corrections have similar shapes and the sum of them leaves the spectator

jet pseudo-rapidity unchanged, as expected. After summing the negative soft-plus-

virtual corrections with the real emission corrections, we obtain the result shown in

Fig. 6.5, which shows that the 0(03) correction shifts the spectator jet to be in even

more forward direction.

Besides its forward rapidity, the spectator jet also has large transverse momentum.

Since it comes from the initial state quark after emitting the effective W boson, the

transverse momentum peaks around ~ MW/2, cf. Fig. 6.5. By comparison, the

third jet is most often much softer, we can thus use pT of the jet to identify the the
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Figure 6.6: Each individual contribution of the 0(03) corrections to the spectator

jet pseudo—rapidity, summed (a), separately for the case when the incoming up-type

quark is from the proton and anti-proton (b). Here, “PA” and “AP” denotes the initial

state light quark originating from proton and anti-proton, respectively.

spectator jet when considering exclusive three-jet events.

6.3.1.3 b Jet

Compared to the lepton and ET, the effects of the ()(as) corrections on the recon-

structed b jet are more pronounced. Figure 6.7 shows a comparison of the b jet pT

distribution between the Born—level and 0(03) corrections. The pT distribution of

the b jet is predominantly determined by the top quark mass and therefore peaks at

N mt /3. The NLO QCD corrections broaden the transverse momentum distribution

and shift the peak position to lower values. The location of the mean of the distri-

butions depends on the cuts that are applied because the different 0(013) corrections

have different effects: in the case of the loose cuts it increases from 64 GeV at the

Born-level to 62 GeV at full NLO. The LIGHT corrections shift the mean of the

b jet pT distribution up, the HEAVY corrections leave it mostly unchanged, and the
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TDEC corrections tend to shift it down. The b jet pT distribution receives a large

contribution from the TDEC corrections, as expected. When a gluon is radiated

from the top quark decay, it tends to move along the b jet direction due to collinear

enhancements and therefore shifts the b jet pT distribution to the small pT region, as

shown in Fig. 6.7.
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The I) jet pseudo-rapidity distribution is less affected by the 0(03) corrections,

as can be seen in Fig. 6.8. The top quark is so heavy that it is mostly produced

in the central rapidity region and thus the b jet from its decay also peaks around a

pseudo—rapidity of zero. The shape of the b jet pseudo-rapidity distribution remains

almost unchanged compared to the Born-level because it comes from the top quark

decay.

Figure 6.9 compares the momentum of the b jet and the b jet at NLO and examines

the fraction of events containing one or two btagged jets in the final state. Events

with both b and 5 jets originate from the W-gluon fusion subprocess, qg —-1 q’bt(——>

bW(—+ €+u)). While the fraction of events with two b—tagged jets is high for low jet

my it drops quickly. For a jet pT above 50 GeV, the fraction of events with both

b and b jets is less than 5%. Figure 6.9 also shows that for exclusive three-jet events,

the fraction of events with two b—tagged jets is much higher. About half of the events

contain two b—tagged jets for the lowest threshold of 15 GeV, and the fraction only
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Figure 6.10: Total event transverse energy HT after selection cuts, comparing Born

level to 0(a3) corrections (a) and the individual 0(013) contributions (b).

goes down to 5% when the jet pT reaches about 140 GeV.

6.3.1.4 HT Distribution

The impact that different ()(as) corrections have on the pT of the jets is also reflected

in event-wide energy variables such as the total transverse energ in the event (HT),

defined as

[IT = p’T“p’0"+ ET + Z pjf”. (6.2)

jets

The distribution of HT for t-channel single top quark events is shown in Fig. 6.10.

The Born-level HT distribution peaks around 200 GeV. Both the HEAVY and LIGHT

contributions decrease the height of the peak and shift it to higher values, and all

three 0(013) contributions broaden the distribution.
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6.3.2 Event Reconstruction

When analyzing single top quark events we would like to take advantage not only of

simple single-object kinematics but also of correlations between objects. In order to

take full advantage of the correlations, we need to reconstruct the event completely,

not just the final state jets but also intermediate particles, in particular the W—boson

and the top quark.

The W boson can be reconstructed from the final state electron and the observed

missing transverse energy, ET. The lack of information about the beam-direction

component of the neutrino momentum (1)?) that would prevent this reconstruction

is typically overcome by requiring that the invariant mass of the electron-neutrino

system be equal to the mass of the W boson. This additional constraint results in

two possible solutions for pg. One usually follows the prescription given in Ref. [99]

of choosing the solution which has the smaller [19? I. This picks the correct I): in about

70% of the events. The price paid for this method is that the W boson will blur the

spin correlation in the reconstructed single top quark event. We will see later that

we can improve on this by using a top mass constraint.

In order to reconstruct the t0p quark, the reconstructed W boson then needs to

be combined with the b jet from the top quark decay. The challenge to overcome here

is the proper identification of the b jet. In the s-channel single top process, we used

the “best-jet” algorithm to find the correct b jet among the two possible b-tagged jets

in the final state, making use of the known top quark mass (mt = 178 GeV) [56].

The effectiveness of the best-jet algorithm is mainly limited by the efficiency of the

W boson identification method; if the W boson is not reconstructed properly, then

identifying the b jet from the top quark decay becomes a random choice.

Unlike the s-channel processes, inclusive two—jet events of the t-channel single
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Figure 6.11: Transverse momentum of the b quark jet, for all events (solid histogram),

only for those events for which the leading b-tagged jet corresponds to the b quark
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b quark jet (dotted histogram), and only for those events in which the leading jet

corresponds to the b quark jet (dash-dotted histogram). The transverse momentum

is shown for the inclusive two—jet sample (a) and for the exclusive three-jet sample

(b)-

141



top processes typically only contain one b—tagged jet in the final state, corresponding

to the b quark from the top quark decay. Figure 6.11 shows a comparison of three

different algorithms to identify the b jet from the top quark decay: a) using the

leading jet (highest pT) in the event, b) using the leading b—tagged jet in the event,

and c) using the best jet. The leading jet in this case could be either the b jet or the

light quark jet, thus the efficiency for identifying the b-jet from top quark decay with

method a) is rather low. The leading b—tagged jet is either the b jet from the top quark

decay or the b jet originating from the W-gluon fusion subprocess. Figure 6.11 shows

that the leading b—tagged jet corresponds to the b quark from the top decay most

of the time; it identifies the b quark correctly in 95% of the events in the inclusive

sample after the loose selection cuts. We expect the efficiency to drop in the three-jet

sample because of the additional b quark in the final state. However, as shown in

Fig. 6.9, the b jet from the top quark decay is much harder than the b jet radiated

from the initial state gluon. As a result, the leading b-tagged jet corresponds to the

b quark from the top quark decay in 90% of the exclusive three-jet events. Figure 6.11

shows that this fraction is slightly smaller for low b jet pT values, and reaches 100%

above about 100 GeV. By comparison, the best jet corresponds to the b quark in

only 80% of the events in the inclusive sample and about 72% of the events in the

exclusive three-jet sample. We therefore choose the method of identifying the leading

b-tagged jet as the b quark from the top decay. Having identified the b quark in this

manner with no additional assumptions allows us to use it to reconstruct the top

quark and the W boson more accurately, in particular to determine the longitudinal

momentum of the neutrino (pg). We reconstruct the W boson as above using a

W mass constraint. We then identify the pr0per neutrino p’; by choosing the solution

for which the invariant mass of the reconstructed W and the leading b—tagged jet is

closest to the true top quark mass, i.e. 178 GeV.

142



This method identifies the correct neutrino 13‘; about 92% of the time at the Born—

level and about 84% of the time at NLO. These efficiencies are slightly smaller than

the b quark identification efliciencies shown in Fig. 6.11 due to the finite widths of

the W boson and the top quark.

Figure 6.12 shows the invariant mass of the reconstructed top quark, comparing

the different methods to identify the b quark and the W boson from the top quark

decay. The top quark width is larger than it would be at parton level even though

no kinematic smearing was applied in this study to mimic the detector effect. This

is the result of using the reconstructed kinematics of the W boson (in particular the

neutrino z-momentum) rather than parton level information. Furthermore, since the

same reconstructed W boson was used for all curves in Fig. 6.12, differences among

the individual curves are solely due to the jet choice used to reconstruct the top quark.

Finally, because parton level information is used for the b jet curve, it functions as a

reference and upper limit for the other methods.

Figure 6.12(a) shows the top mass reconstructed with the W boson using the

standard method of choosing the smaller [p‘Z’ ]. As expected, using the leading jet gives

the worst performance, and using the leading b—tagged is a better choice. Given this

choice for the neutrino, however, the best jet algorithm looks best because for those

cases where the neutrino has been mis—reconstructed, the best jet algorithm sometimes

chooses the wrong jet and thus it falsely appears to give well reconstructed top mass

because the algorithm chooses an invariant mass close to 178 GeV. Figure 6.12(b)

shows the top mass reconstructed with the W boson reconstructed from a top mass

constraint. The overall height of the mass peak is higher in Fig. 6.12(b) than in

Fig. 6.12(a), indicating that this method is able to reconstruct the W boson and

b jet correctly more often. It can also be seen that for this choice of W boson

reconstruction, we can properly reconstruct the true top quark with the leading b-
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Figure 6.13: Transverse momentum of the reconstructed top quark, comparing Born-

level to 0((13) corrections(a) and the individual 0(05) contributions (b).
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Figure 6.14: Rapidity of the reconstructed top quark, comparing Born-level to 0((13)

corrections(a) and the individual ()(as) contributions (b).

tagged jet with very high efficiency. Using the leading b-tagged jet together with

a top mass constraint to reconstruct the W boson gives the best reconstructed t0p

quark and is the most efficient event reconstruction algorithm for t-channel single top

quark events. We will henceforth focus on this algorithm.

Figure 6.13 shows the transverse momentum of the top quark reconstructed from

the leading b—tagged jet together with the top mass constraint to reconstruct the

W boson, hence, to determine pg. The LIGHT and HEAVY corrections tend to shift



the top quark pT to higher values, while the TDEC correction lowers it as expected.

The different 0(03) corrections have only a small effect on the t0p quark rapidity

shown in Fig. 6.14, similar to the b jet above. The HEAVY correction tends to shift

the top quark to negative rapidities, while the LIGHT correction tends to shift it to

positive rapidities, resulting in a net effect of only a small change in rapidity.

6.3.3 Top Quark Polarization

Having identified the b jet from the top quark decay and the W boson, we can now

study correlations expected from event kinematics. As noted in the previous section,

we shall focus on the study of top quark polarization using the leading b-tagged jet

and the top mass constraint for the W boson, because it reconstructs the final state

correctly with the highest efliciency.

Three polarization bases have been studied in the literature for the t-channel

process, and they differ by the reference frame used to define the polarization: the

helicity basis, the beamline basis, and the so—called “spectator” basis [104]. All three

work in the top quark rest frame, but they have different reference axis for the top

quark spin, cf. Fig. 6.15. In the more commonly used helicity basis, the top quark

spin is measured along the top quark direction of motion in the center of mass frame

which is chosen as the frame of the (reconstructed top quark, spectator jet) system

after event reconstruction. In the beamline basis, the t0p quark spin is measured

along the incoming proton direction. In the spectator basis we can maximize spin

correlations by taking advantage of the fact that the top quark produced through

the t-channel single top processes is almost 100% polarized along the direction of the

spectator quark. In the discussion below, we will examine the polarization of single

t0p quark events in these three bases.

As same as the s-channel study, two options for reconstructing the c.m. frame in
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Figure 6.15: Illustration of the three choices for the top quark spin basis. The circle

denotes the top quark rest frame and the blue arrows denote the top quark Spin

direction.

the helicity basis are investigated:

.1. W(g)-frame: the c.m. frame of the incoming partons. This is the rest frame of all

the final state objects (reconstructed top quark and all others jets). In exclusive

two-jet events, this frame is the same as the c.m. frame at the Born-level, i.e.

reconstructed from summing over momentum of the top quark and spectator

jet. In exclusive three-jet events, this frame is reconstructed by summing over

the 4-momenta of top quark, spectator jet, and the third-jet from our parton

level calculation.

2. tq-frame: the c.m. frame of the top quark and spectator jet. In this case, even

in exclusive three-jet events, the reference frame is constructed by summing over

only the 4-momenta of the top quark and spectator jet. Note that this differs

from the Iq(j)-frame only in exclusive three-jet events.

As shown in Table 6.2 and discussed below, the degree of top polarization is larger in

the tq-frame than in the tq(j)-frame. Therefore, in the figures below we only display

the top quark polarization in the fq-frame.

In the helicity basis, the polarization of the top quark is examined as the angular

distribution (cos 6,“.1) of the lepton in the c.m. frame relative to the moving direction
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Figure 6.16: Top quark polarization in the helicity basis using the full parton informa-

tion (a) and after event reconstruction with selection cuts (b), comparing Born-level

to 0(03) corrections. The Born-level and NLO curves have been normalized to the

same area.

of the top quark in the same frame. The angular correlation in this frame is given by

171 ' 77;
____.TI,

_. (6.3)

[Pfllpg

(:08 OM.) =

where 132* is the charged lepton three-momentum defined in the rest frame of the top

quark, whose three momentum is denoted as p}, which is in turn defined in the c.m.

frame. For a left—handed top quark, the angular correlation of the lepton N is given by

(1 —cos 6h81)/2, and for a right-handed top quark, it is (1 +cos dhel)/2. Figure 6.16(a)

shows that this linear relationship for cos 0,,“ is indeed a valid description for t-channel

single top quark events at the parton level. The figure also shows that the top quark

is not completely polarized in the helicity basis, and that this polarization is only

slightly weakened when including ()(a_,.) corrections. Figure 6.16 (b) shows that this

weakening is amplified after event reconstruction, where the effect of the lepton-jet

separation cut can also be seen, as a drop-off of the cos 61,8] distribution close to a

value of —1.

In the “spectator” basis, the relevant angular correlation for the t-channel process
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is cos 631,60, defined as

«>1: ~28

’p

cosQSPecz ——————-p3peCH,“I (6.4)

pspec

where 53266 is the spectator jet three-momentum in the top quark rest frame and 15';

is the lepton three-momentum in the top quark rest frame. Although this basis picks

the wrong spin axis direction for the db and bcf initial states, it is correct most of the

time at the Tevatron collider. This is because the Tevatron is a p15 collider which

means that the production rate of p13(ub, bu) —-> dt is much larger than p13(db) ——~> fit.

The large slope found in Fig. 6.17 shows that the spectator basis indeed results in a

large degree of correlation for t-channel single top quark events at the parton level.

The slope shown in Fig. 6.17(a) is opposite to that in Fig. 6.16(a) due to the fact that

the spin quantization axis points in opposite directions for the two basis, cf. Fig. 6.15.

The degree of polarization of the top quark is larger than that in the helicity basis,

and the 0(03) corrections blur the spin correlation effects only slightly, both at parton

level and after event reconstruction. The reconstructed cos 651066 distribution again

shows a drop-off due to the lepton-jet separation cut, in this case at high cos 631966.

In the “beamline” basis, the relevant angular correlation for the t-channel process

is cos flbeam, defined as

p-‘p*56*

6.5

11.3mm ( )
COS 6bea7n——

where 13'; is the proton three-momentum in the top quark rest frame and 15'; is the

lepton three-momentum in the top quark rest frame. In this analysis, we orient the

coordinate system such that protons travel in the positive 2 direction and anti-protons

travel in the negative 2 direction. For a top quark polarized along the proton moving

direction, the angular distribution of the lepton 6+ is (1 + cos gbeam) /2, while for a

top quark polarized along the anti-proton moving direction it is (1 — cos gbeam) /2.
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Figure 6.17: Top quark polarization in the spectator basis using the full parton infor-

mation (a) and after event reconstruction with selection cuts (b), comparing Born-

level to 0((13) corrections. The Born-level and NLO curves have been normalized to

the same area.

Figure 6.18 shows that this linear relationship for cos 0beam is a valid description for

t-channel single top quark events at the parton level. However, the top quark is less

polarized in the beamline basis at parton level. In this case, the 0(03) corrections ac-

tually improve the spin correlation effects at parton level. After event reconstruction

the situation is similar as before, the spin correlation is further reduced and shows a

drop-off close to 1.

To better quantify the change in polarization, we use the degree of polarization

D and the spin fractions .734: of the top quark which are defined in Sec. 5.3.3.1, cf.

Eqs. 5.5 and 5.7. We also examine the asymmetry A of the distribution which is

defined in Eq. 5.8. It is easy to check that without imposing any kinematic cuts,

D = 2A. Furthermore, the ratio of top quarks with spin along the basis direction will

be 1'] = 0.5 — .A when no cuts are applied. However, when cuts are imposed, these

two relations break down. Table 6.2 shows that the relationship D = 2A indeed holds
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Figure 6.18: Top quark polarization in the beamline basis using the full parton infor-

mation (a) and after event reconstruction with selection cuts (b), comparing Born-

level to 0(03) corrections. The Born-level and NLO curves have been normalized to

the same area.

at parton level (within rounding errors) and is still approximately true at 0(05)-

In Table 6.2, we present our results for inclusive two-jet events at the parton

level before selection cuts and after the loose set of cuts and event reconstruction (cf.

Sec. 6.3.2). The result of exclusive three-jet events is shown in Table 6.3.

0 We note that in the helicity basis, the degree of top quark polarization is larger

in the tq-frame than in the tq(j)-frame (the usual c.m. frame of the incoming

partons) at the parton level. The degree of top quark polarization is 94% in the

tq-frame and only 74% in tq(j)-frame. This is due to the fact the degree of top

quark polarization in inclusive two-jet events is a mixture of contributions from

both exclusive two-jet events and exclusive three-jet events. Table 6.3 shows

that for exclusive three-jet events, the degree of top quark polarization is larger

in the tq-frame than in the l.q(j)-frame. This reduction in the degree of polariza-

tion for the tq(j)-frame is due to events in which the additional jet is produced
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LO NLO LO NLO LO NLO

Helicity basis: Parton(tq(j)-frame) 0.96 0.74 0.98 0.87 0.48 0.37

Parton(tq-frame) 0.96 0.94 0.98 0.97 0.48 0.47

Recon.(tq(j)-frame) 0.84 0.73 0.92 0.86 0.46 0.41

Recon. (tq-frame) 0.84 0.75 0.92 0.88 0.46 0.42

Spectator basis: Parton —0.96 -O.94 0.98 0.98 -0.48 -0.47

Recon. -0.85 -0.77 0.93 0.89 -0.46 -0.42

Beamline basis: Parton -0.34 -0.38 0.67 0.69 -0.17 -0.19

Recon. -0.30 -0.32 0.65 0.66 -0.17 -0.20      
 

Table 6.2: Degree of polarization D, polarization fraction f, and asymmetry A for

inclusive two—jet single top quark events, at the parton level (Parton) before cuts and

after selection cuts and event reconstruction (Recon), in the t-channel process. Here,

.7 corresponds to f. in the helicity basis for left-handed top quarks and to .7:+ in the

spectator and beamline bases for top quarks with polarization along the direction of

the spectator-jet and proton three momentum, respectively. Also, the tq(j)-frame in

the helicity basis denotes the c.m. frame of the incoming partons, while the tq-frame

denotes the rest frame of the top quark and spectator jet.

before the exchange of the virtual W boson. After event reconstruction, the

two frames give almost the same degree of top quark polarization.

0 We find that at the parton level stage, there is very little difference between the

helicity basis (using the tq-frame) and the spectator basis, and that both of them

give significantly better polarization than the beamline basis both at Born-level

and NLO. The top quark is almost completely polarized in the helicity and

spectator bases, and the 0(03) corrections only degrade that picture slightly.
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The similarity between these two bases is due to the fact that the degree of

polarization of the top quark is dominated by exclusive two-jet events for which

these two bases are equivalent, cf. the Born-level results in Table 6.2. After

event reconstruction for the inclusive two-jet sample, the degree of polarization

is reduced as expected in both the helicity and spectator bases.

In the beamline basis, the polarization actually increases when going from Born-

level to NLO, but it is still much lower than in the other two bases. After event

reconstruction, the degree of polarization is also reduced.

In the exclusive three-jet sample, the degree of polarization is further reduced

because the third-jet affects the kinematics of either spectator jet or the top

quark. The helicity basis with tq-frame gives almost the same degree of polar-

ization as the spectator basis.

Our study shows that the helicity basis (using the tq-frame) and the spectator basis

are equally good to study the top quark polarization. Unlike the s-channel process in

which the W-boson is not perfectly reconstructed in the best-jet algorithm and thus

the polarization measurement was significantly degraded after event reconstruction,

using the leading b—tagged jet and the top mass constraint gives excellent final state

reconstruction in the t-channel process, and the degree of t0p quark polarization is

only somewhat degraded after event reconstruction.

6.3.4 Distributions for Three-jet Events

As shown in Fig. 6.3, a large fraction of the events passing the loose selection cuts

contain three jets. In this section we focus on the properties of these three-jet events

and the additional jet.
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Helicity basis: Parton level (tq(j )-frame) 0.65 0.83 0.35

Parton level (tq-frame) 0.78 0.89 0.43

Reconstructed events (tq(j)-frame) 0.63 0.81 0.34

Reconstructed events (tq-frame) 0.70 0.85 0.38

 

 

Spectator basis: Parton level -0.78 0.89 -0.42

Reconstructed events -0.70 0.85 -0.38

Beamline basis: Parton level -0.26 0.63 -0.16

Reconstructed events -0.27 0.63 -0.16    
Table 6.3: Degree of polarization D, polarization fraction .7, and asymmetry A for

exclusive three-jet single top quark events, at parton level and after event reconstruc-

tion, in the t-channel process. Here, .7: corresponds to F. in the helicity basis for

left-handed top quarks and to .7-'+ in the spectator and beamline bases for top quarks

with polarization along the direction of the spectator-jet and proton three momen-

tum, respectively. The tq(j) frame in the helicity basis denotes the c.m. frame of the

incoming partons, while the tq frame denotes the rest frame of the reconstructed top

quark and light quark.

In events containing two untagged jets, we can use the 1313 of the untagged jet to

pick up the spectator jet. When the b jet from the initial state gluon splitting in

the W-gluon fusion process is mis-tagged, it will also contribute an untagged jet to

the event. For simplicity, we will assume fully efficient, perfect b—tagging here and

consider events with single b-tags and double b—tags separately.

From Fig. 6.3 it is clear that the jet multiplicity at NLO depends strongly on

the jet pT cut. Figure 6.19 shows that it also depends strongly on the jet pseudo-

rapidity cut. The dependence of the total cross section on the jet pseudo-rapidity

cut is different between the Born-level and NLO, mostly as a result of the third jet.
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Figure 6.19: Inclusive cross section and fraction of three-jet events at NLO for varying

jet pseudo-rapidity cuts, after the loose selection cuts. Shown is the total cross section

as a function of the jet pseudo-rapidity cut (a) and the fraction of two-jet and three-jet

events as a function of the jet pseudo-rapidity cut (b).

Figure 6.3 also shows that not only the cross section but also the jet multiplicity

depends strongly on the jet pseudo-rapidity cut. Only for jet pseudo-rapidity cuts

above 3 are cross section and jet multiplicities stable.

The fraction of b-tagged jets also depends strongly on the jet pT cut, as shown

in Fig. 6.9. There is a large fraction of events in which the third jet comes from the

b quark, especially for low b—tag pT thresholds. This can also be seen in Fig. 6.20,

which shows the dependence of the fraction of events with 1 b—tag and 2 b-tags as a

function of the cut on the b-tagged jet pT and 1]. As before, the fraction of events

with 2 b—tagged jets is stable only for pseudo-rapidity thresholds above 3. At that

point, about one quarter of the inclusive events contain two b—tagged jets, and half of

the exclusive three-jet events contain two b—tagged jets. In the following analysis, we

shall require at least one b-tagged jet in the event and do not distinguish the identity

of the third jet, unless specified otherwise.
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Figure 6.20: Fraction of events with one or two b-tagged jets for the inclusive sample

and the exclusive three-jet sample as a function of the pseudo—rapidity cut on the

b—tagged jets (a), and fraction of events with two tagged jets as a function of the pT

threshold on the b—tagged jets for three different pseudo-rapidity cuts (b), after the

loose selection cuts.

6.3.4.1 Kinematic Distribution of the Extra Jet

Initial- and final-state emission of additional gluons occurs before the top quark goes

on shell and can thus be considered as “production-stage emission”, while decay-stage

emission occurs only after the top quark goes 011 shell. In principle, an event with

an extra jet can thus be classified as production-stage or decay-stage by looking at

the invariant mass of the decay products. In production-stage emission events, the

W boson and b quark momenta will combine to give the top quark momentum. In

decay-stage emission events, the gluon momentum must also be included to recon-

struct the top quark momentum. This interpretation is exact at the NLO parton

level in the narrow width approximation. Finite top width eflects can blur the above

classification due to interference between production- and decay-stage emission. This

classification is nevertheless still useful in our case because the top width of 1.5 GeV is
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Figure 6.21: Transverse momentum (a) and pseudo-rapidity (b) of the third jet after

selection cuts for the various 0(03) contributions.

small compared to the hard gluon ET cut imposed in the MC calculations. It should

be kept in mind that in an actual experiment, the production-decay distinction is

further blurred by the experimental jet energy resolution and ambiguities associated

with properly assigning partons to jets.

Figure 6.21 shows the transverse momentum distribution as well as the pseudo-

rapidity distribution of the third jet in three-jet events. This jet corresponds to the

gluon in about 70% of the events after the loose set of cuts. The transverse momentum

distribution of the third jet for those events where that jet corresponds to the b quark

(from W-gluon fusion subprocess) can be seen in Fig. 6.9. It comprises about 80% of

the HEAVY correction after imposing the loose selection cuts, which dominates over

LIGHT and TDEC radiative corrections.

As expected, the ET distribution is steeply falling for all contributions, but it

extends to much higher pT values for HEAVY emission. The smaller values of ET

to which TDEC emission is constrained are again a consequence of the available
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Figure 6.22: Separation between the third jet and the tagged jet (a) and between the

third jet and the untagged jet (b) after selection cuts for the various 0(03) corrections.

phase space from the top quark decay. Recall that the top quarks are produced with

relatively modest transverse momentum (cf. Fig. 6.13), so that gluons from the decay

do not receive much of a boost. Note also that an increase in the pp cut on the jet

would result in a further reduction in relative size of the decay contribution compared

to production. Figure 6.21 also shows the distribution in pseudo-rapidity of the extra

jet. The third jet radiated from the LIGHT and HEAVY quark lines has a relative

larger magnitude in its (non-symmetric) rapidity, as compared to the more central

TDEC emission. This is consistent with our intuition that decay-stage radiation,

dominated by the gluon radiated from the bottom quark which tends to appear in

the central pseudo-rapidity region, is also likely to be produced centrally. However,

this TDEC contribution is small and the HEAVY radiation dominates even in the

central region.

This tendency of decay-stage radiation to be associated with the final-state b quark

might lead one to expect that if the extra jet is “near” the b jet it should be included in
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the t0p quark reconstruction, and if it is not then it should be excluded. Figure 6.22,

which shows the angular separation AR between the extra jet and the leading b-

tagged-jet as well as the leading untagged jet, confirms that the decay-stage radiation

peaks close to the leading b-tagged jet, and production-stage radiation peaks farther

away. Figure 6.22(a) clearly shows that the decay contribution dominates in the low

AR region. This is different from the s-channel single top process, in which the

production contribution dominates over decay emission even in the small AR region,

cf. Fig. 5.14. A higher pT cut on the jet would make this situation worse because it

would increase the relative size of the production emission.

Nevertheless, the figure suggests that it might be possible to further improve the

top quark reconstruction for exclusive three-jet events. In this work, we have been

using the leading b—tagged jet to identify the b quark from the top quark decay, and

constraints on mt and MW to obtain the correct 132’. With this procedure the final

state can be reconstructed accurately about 84 % of the time in inclusive two-jet

events, cf. Fig. 6.11. Part of the efficiency loss is due to the gluon radiated in

TDEC emission, and Fig. 6.22 indicates that some of this loss could be reclaimed by

including the third jet in the top quark reconstruction if it is close to the b-tagged

jet. The actual cut on AR would need to be tuned to maximize the top quark

reconstruction efficiency. However, tuning a prescription for dealing with the extra

jet in t-channel single top quark events is complicated because the effects of multiple

emission, hadronization, and detector resolutions will affect the result. For simplicity,

we thus chose not to include the third jet in the top quark reconstruction algorithm

used in this work.

In Fig. 6.22(b), the equivalent distribution in AR between the extra jet and the

untagged jet is also shown, where the LIGHT quark line radiation peaks close to

the untagged jet as expected from gluon radiation in the final state. Obviously, the
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radiation of the HEAVY quark line is dominated by initial state radiation, therefore,

its contribution to AR(j3, juntagged) is small in the region of small AR. The peak at

zero in this distribution corresponds to events containing two b-tagged jets in the the

W-gluon fusion subprocess.

6.3.4.2 Angular Correlation Between the Extra Jet and the Best Jet

As discussed above, the AR separation between the third jet and the leading b—tagged

jet can be used to distinguish decay-stage emission from production-stage emission. It

was shown in Chapter 5 that the best-jet algorithm is effective in reconstructing the 3-

channel single top quark event, while retaining the top quark polarization information,

but can also distinguish the decay-stage gluon radiation from the production-stage

radiation by studying which jets are chosen as the best jets. Similarly, we can also

study the correlations between the extra jet and the best jet in t-channel single top

quark events using the best jet algorithm.

Figure 6.23 (a) shows the angular correlation c086 between the radiated parton

(gluon or b) and the b quark at parton level before cuts. Figure 6.23 (b) shows the

same correlation after event reconstruction between the third jet and the best jet.

Only events for which the best jet algorithm chooses a two-jet system are included

in the figure. In this case there is a clear separation between production-stage and

decay-stage emission, and the best jet algorithm can be used to separate the two.

This approach thus allows a detailed experimental study of the radiation pattern in

top quark decays in the t-channel single t0p quark events.
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Figure 6.23: Angular correlation cos (9 between the gluon and the b quark before any

selection cuts using the full parton information (a) and between the third jet and the

best jet after selection cuts (b). The solid line shows all 0(03) contributions except

for the decay part, while the dashed line shows only the 0((13) decay contribution.

6.4 Conclusion

We have presented a next-to—leading order study of t-channel single t0p quark events

at the Tevatron, including ()( (1,3) QCD corrections to both the production and decay of

the top quark. To obtain an accurate prediction of the inclusive rate of t-channel single

top quark production, a modified narrow width approximation has been adepted to

link the production of the top quark with its decays (thus preserving top quark

spin information) instead of the usual narrow width approximation. The impact of

kinematical cuts on the acceptances has been studied for several different sets of cuts.

We found that the acceptances are sensitive to the ARCH], we imposed on the jet cone

size and the lepton isolation. With the choice of ARcut = 0.5, we found that the

difference between the Born-level and NLO acceptances is about 10% for a loose cut

set (a) and 3 ~ 6% for a tight cut set (c). The above difference becomes significantly

larger when changing ARC,” from 0.5 to 1.0.
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We categorize the 0(a3) contributions to the t-channel single top process into

three gauge invariant sets: the light quark line corrections, the heavy quark line

corrections and the t0p quark decay corrections. The 0(as) corrections are small

in size and contribute about 5.5% of the inclusive cross section at NLO. They do

however modify the event kinematics and in particular result in a large fraction of

events containing three reconstructed jets in the final state for the loose set of kine-

matic cuts. The acceptance for t-channel single top quark events and this fraction

of 3-jet events depend strongly on the pseudo-rapidity cut on the jets. Although the

radiative corrections to the inclusive t-channel single top production rate are small,

they affect the shape of some of the important kinematic distributions that can be

used experimentally to separate the t-channel single top signal from the various back-

grounds, such as the pseudo-rapidity distribution of the spectator jet. We find that

the 0(as) LIGHT and HEAVY corrections have almost opposite contributions to

various pseudo-rapidity distributions, due to the difference in the parton distribution

functions between the valence quarks and sea quarks. The former shifts the spectator

jet to even higher pseudo-rapidities, while the later shifts it to more central pseudo-

rapidity regions. The summed contributions cause the spectator jet to be even more

forward which will change the prediction of the acceptance for t-channel single top

quark events. Also, a large fraction of three jet events contain two b—jets due to the

collinear enhancement in the W + 9 fusion process. This implies that higher order

corrections need to be calculated in order to correctly predict the behavior of the b—jet

in the small pT region.

In order to study top quark properties such as the top quark polarization, induced

from the effective t-b—W couplings, we need to reconstruct the top quark by combining

the reconstructed W boson with the b-tagged jet. Most of the t-channel single top

quark events contain only one b-jet in the final state. Thus, we can use the leading
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b-tagged jet algorithm to identify the b—jet in the final state, rather than the best-jet

algorithm which is more appropriate for the s-channel. We found that the leading

b-tagged jet algorithm effectively picks up the correct b—jet in the event. Since this

algorithm makes no assumptions about the other particles in the event, we can use it

to also determine the longitudinal momentum of the neutrino (p’z’) accurately through

a top quark mass constraint. Information about the reconstructed final state can be

used to explore correlations between different objects in the event. After reconstruc-

tion of the top quark event, we study spin correlations in the top quark decay in three

different bases: the helicity basis, the spectator basis, and the beamline basis. We

find that the degree of top polarization is very large, especially in the helicity and

spectator bases. This is true even after event reconstruction because we are able to

reconstruct the top quark final state almost perfectly. As one expects, the degree

of top polarization is reduced slightly by the 0(03) corrections, both at parton level

and after event reconstruction with the loose selection cuts. We also note that using

the tq-frame (the rest frame of the reconstructed top quark and spectator jet) in the

helicity basis gives almost the same degree of polarization as in the spectator basis.
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Chapter 7

Summary and outlook

The primary puzzle confronting particle physicists today is the understanding of the

electroweak symmetry breaking, responsible for the large masses of the weak bosons

and the top quark. As the heaviest particle by far in the standard model, the top

quark provides a perfect laboratory to study EWSB. In the hadron collisions, the

top quark will be produced in many channels. As well as the tf pair production

channel, the top quark may be produced singly in associated with other particles.

At the tree level, there are three modes: the s-channel, the t-channel and the Wt

associated production channel. In contrast to the top quark pair production, the single

top is produced through the electroweak interaction with amplitudes proportional to

the Cabibbo—Kabayashi-Maskawa matrix element. Due to the left—handed nature of

charged weak current interaction, the top quark produced via single-top processes is

highly polarized and its polarization information remains among its decay products.

The new physics effects can change the spin correlation in the single top event via

the quantum corrections as well. Therefore, careful examination of the single top

production and its decay characteristics, and precision measurement of th top spin

information can test the standard model and may lead to the discovery of new physics

beyond the standard model.
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In this study, we present a complete next-to—leading order calculations to the

s-channel and t-channel single top quark production and decay process at hadron

colliders. Using the helicity amplitude method, the angular correlations of the final

state particles and the spin correlation of the top quark are preserved. We also discuss

the phenomenology of the single top physics at the Tevatron and find the following

interesting results:

1. The s-channel single particle inclusive rate (with acceptance) is dominated by

the initial state contribution, while the t-channel single particle inclusive rate

is dominated by the heavy quark line contribution.

2. With the loose kinematical cuts to maximize the acceptances, the full NLO

kinematics needs to be studied. A constant K-factor with LO kinematics will

not work.

3. In order to reconstruct top quark event, the best-jet algorithm is better in the 3-

channel process, while the leading b—tagged jet algorithm is best in the t-channel

process.

4. The spin correlation of the single top event have been examined in many spin

bases:

s-channel: Helicity basis and Optimal basis,

t-channel: Helicity basis, Beamline basis and Spectator basis.

We note that the higher order QCD corrections change the kinematical and

spin correlations largely. After event reconstruction, the Optimal basis gives

almost the same degree of polarization of the top quark as the Helicity basis

(tb—frame) in the s-channel processes, while the Spectator basis gives almost the

same degree of polarization of the top quark as the Helicity basis (tq-frame) in

the t-channel processes.
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5. The NLO QCD corrections to the s-channel single-top process is very important

to the SM Higgs boson search via ch’ —-> WiH precess. In particular, the NLO

contribution from top quark decay process has to be included to make more

reliable prediction on the background.

At present, discovery of the single top event has become the major focus of Run II

of the Tevatron. And it will continue to be one of the most important goals at the

LHC. In five years, single top physics will go from discovery (Tevatron) to precision

measurement (LHC).
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Appendix A

Helicity Amplitudes

In this appendix we briefly summarize our method for calculating the helicity ampli-

tudes. The method breaks down the algebra of four-dimensional Dirac spinors and

matrices into equivalent two-dimensional ones. In the Weyl basis, Dirac spinors have

the form

( “ l
w_ .

where for fermions and anti-fermions

/\=1

”U; )=iW¢X—1/2 .

”“93: (A=—>
”1 =5FwiX1/2 .

with wi = ./E :i: [11], where E and 13' are the energy and momentum of the fermion,

respectively. The xA/2’s are eigenvectors of the helicity operator

11:13-17, withp=fi/|fl,

where eigenvalue A = 1 is for ”spin-up” and )1 = —1 is for ”spin-down” fermion.

_ . _ cos 0/2 _ - _ —ei¢ sin 6/2

where we introduce the shorthand notations [15b for Xil/2- Gamma matrices in the

Weyl basis have the form

0_ 01 j_ O—Uj 5_ 10

7_(10)97—(0j 0 17" ()_17



where aj are the Pauli 2 x 2 spin matrices. In the Weyl basis, 15 takes the form

_ 0 p0+6'-fi 0 15+ 0 7”

7’4"” (Po-5°17 0 )“(zL 0 ‘10“ 7'5 0
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Appendix B

Ah and B}, in the Crossing Functions

There are four independent Ap_,hX(:r, up) and B33132%8($, up), respectively (we sup-

press nF in the following expressions) in the process independent, but 3min and fac-

torization scheme dependent crossing functions:

33 - 2nf

18 + 2111(1 — fl] ng.(:c)

1 _

+ 2/ dzng(:c/z) [Lg—{+1—z]

 

Aq—+q9(17) = [

 

4/1d (1+22)/fo($/Z)-2f(fl(iv)

7

1—2

 

l 22 _ Z 2

Agaqqfir) : 1]; dszfir/z) +(: ), (BB)

 

1 _72

Aq—mm = —/ dsz(x/z)1+(:2 ~), (3.4)
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3573M [3; — g; + £2? + 1112(1 — x)]ff(x)

+—2Lhufi%wamu—z%;§i+1—4

+ zflldzlnu—z)ff(x/1z)_"sz($), (3.5)

8:73am) [gig-2- - 217-) + 53-11120 - so] fie)

+ gildszfi/z) ‘2

+ 311616121110_z)<1+22>/zf5:<:c/:>wife), (B.6)

 

_ 1 22 _ Z 2

EMS (:23) = 1/ dzng(:1:/z)[ + (: ) ln(1— z)+2(1— 2)], (8.7)

 

51—qu 6 2:

M—S 4 1 H 1+(1—-.~.)2
qugqtr) = 6/ zfq (IE/Z) Z2 1n(1—z)+1 , (B.8)

BEEEQDM = Bg‘isgge), (8.9)

2

BEL’SaEgDo) = [§<%—§)+§1n2(1—x)]ff<x)

 

 

 

2 H a: Z _ H

+ 31:161.“:an — z)(1+z )/qu1(_:) qu (I), (8.10)

1 z2 _ Z 2

Bgfiqum = 215/1: dzng(:1:/z)[ H: ) 1n(1—z)—2(1—z) , (13.11)

33135qu = 3353M), (13.12)

where nf is the flavor number, f}? (:13) is the parton distribution function of parton h

inside hadron H. In the above, we have set NC = 3. The subscript Mg indicates the
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results in the Mg DREG scheme while the subscript DRED indicates the results in

the DRED scheme.
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Appendix C

Scalar functions

C.1 Definition

We define the one-point, two-point, three-point and four-point functions as [69,105]

 

 

 

 

 

(ing 1 i
2 _

H 6/ (27107152 __ m2 _ WAOOR): (Cl)

dng I e 3 F '
2e ’flifll/ —-B,B,B 16,711,717, C2

M /(27r)" (£2 — m?) [(E-l— k)2 — 771%]:167r2 0 # W( 1 2) ( )

W 62 e25 -
26 a [1

l1 f 30,3 (’9 m1,m2) (C3)(271.)11 (£2 _ m?) [(g + k)2 _ 771%]:22167r l1

26/ dug
1’611’6/121/

(%)" (e? — m?) [(13 + k)? — mg] [(2 + k + s?) — mg]

2167f—210090#aC/1V(k Sm19m29m3)
((3.4)

26/ dng 1,€u,€#€y,€ugyea,€uel/ea€fl

(277)"(52 -m¥) [(€+k)2 —m2] [(€+k+s)2 -m3] [(€+k+s+p)2 —m?,]

1716—2—20“ DH’ DHV’ Dill/0t» Dill/(150$ 3pimlam2i m37m4) (C.5)

The integration formula of the scalar functions A0, BO, B1, CO and D0 are given

172



as follows:

m2

A0(m) = m2 [A — 1n :u—2- +1] , (C.6)

n
 

 

1 22 2 2 2 2
A —/dzxnlnxpl—x(p1+ml_m2)+ml

0

B = —1
1n(P1,m1,m2) ( ) n+1 #2

 

((3.7)

1 :1:
l

C , , , ,, = d d , C.80(191 P2m1 m27713) f0 313/0 yazr2+by2+cscy+drr+ey+f ( )
 

where

1
A=-—’YE+ln4’/T,

6

a=-w§b=~wic=-2m-m,d=—m§+m§+fi, (0%

2 2 2 2
e = —ml + m2 +p1+ 2p1-p2, f = —m3,

and the four-point scalar function is given by

D0(P1,p2»193,m1,m2am3am4)

1 :1: y 1

= / dx/ dy/ dz 2,

0 0 O [(1.732+by2+922+crcy+hxz+jyz+dx+ey+kz+fl

(C.10)

 

where

a=p§b=pig=pi

c=2p2-p3,h=2111'p3,j=2231'132,

2 2 2 2 2 2

k=mi-m3—2Pl-P2—2P1103—Pi,f=m2
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C.2 Tensor reduction

Lorentz covariance of the integrals allows to decompose the tensor integrals into ten-

sors constructed from the external momenta and the metric tensor gm, with the scalar

coefficients. The explicit Lorentz decompositions for the vector and tensor integrals

B“, C” and CW are given below. We are not going to show the four-point function

because our calculation does not involve the box diagrams, but they can be found in

Ref. [106].

For the two-point functions we have the relations

 

BH(€, m1, 771.2) 4,81 (8, , m1, m2), (C.11)

31(5, m1» m2) -2%2- [A()(m1) — A0(7712) - (52 + mi " m2)30(€am1,m2)[ (012)

Bra/(5, 7711,7712) [#521321 + gin/B22, ((113)

8212, m1, m2) 3% Ao(m2) — miBo — 2(62 + m? — m3>Bl — 313—93 + a ,

(CM)

1 [2

822(6, m1, m2) 6 [A0(m2) + 2m¥Bo + (132 + m? — m%)Bl + m? + m3 — §[ ,

(C.15)

Bu“, m1, mg) (“[31“), m1, m2), (C.16)

31w, m1, m2) —Ao<m2) + mi31(€,m1,m2), (0.17)

Bow, mlmg) A0(fl12)+ m¥BO(€, m1,m2). . (C.18)

For the three-point functions we have the relations

C#(€, 3, m1, m2, m3) = @011 + spClg, (C.19)

Cpl/(g) 3, ml» 7712,7713) = fuel/C21 + Susi/C22 + (@1511 + 81,5”ng + gut/C24:

(C20)
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where

with

T1

7'2

C.3

011 [32121 — e . 3R2[ ,

26.3121 + €2R2[ ,

80(3, m2, m3) + r1C11+ r2012 + 2m%C'0 +1] ,

.S2R3 - 03125] ,

r_€ - 8R4 + €2R6[ ,
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e
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 ' 1

—€ - 3R3 + €235] = — [52124 — 03195] .
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€282 —- (K - s)2.

£2 + m? — mg.

3)2 —€2+mg —m§.
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?

+

B0“ + 8, m1, m3) — 80(8, m2, m3) -— (62 + m? — m%)C0[ .

[
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h
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n
—
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l
—
"
—
1
I
—
—
'
_
I

1

-C24 — § [T1011 - 31(5 + 8, m1,m3) — 30(8,m2,m3)l,

1
_§ [r1C12 — Bl(g + S, m1,m3) + 81(83m21 m3)]’

1
_§ [r2011 _ Bl(€,m1,m2) + B1(€+ s,m1,m3)lw

1

-C'24 — § [72012 + 31“ + 8, m1, m3)]-

UV-divergent parts of tensor integrals

(C21)

(C22)

(C23)

(C24)

(C25)

(C26)

(C27)

(C23)

(C29)

(C.30)

80(6, 7711,7712) — BUM + s, m1,m3) + (£2 — (8 + s)2 — mg + m§)C()[ ,

(C31)

(C32)

(C33)

(C34)

(C35)

For practical calculations it is useful to know the UV-divergent parts of the tensor

integrals explicitly. We give directly the pole structures of the divergent one-loop
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tensor coefficient integrals up to terms of the order 0(6)

2
777,

A00") = T,

1

Bo(€,771v1,m2) = 2’

1

81(€,m1,mg) = —-2—g,

I

B21(€,m1»m2) = '3?

1

B22“, m1, m2) = —E (32 — 3m? - 3mg),

1

C24(€as,m1,m2,m3) = 475'

CA Scalar two-point function

(C36)

(C.37)

(C.38)

(C39)

(C40)

(C41)

For the two-point function BO, we notice that the Feynman parameter integration

itself cannot result in a pole, cf. Eq. (3.7, therefore we can use a series expansion in

e to simplify the integration. The relevant BO functions used in this calculation are

listed below.

80(0, 0, 0) = 0,

 

 

 

 

 

. i0 1 $1 51

30(8’027'15 = 16:2[fi2—31Wl’
t

'C' 1

Bo(mt2, 0, 0) = 126262 {Z + 2 — in},

. 2'05 1 s ,

B 3,0,0 2 —+2—ln—+27r ,

0( ) 167r2 {6 m? }

2C 1

80(0, 771.30) = 167:2 {2- +1},

'0 l

B0(mt2, mg, 0) = 126:2 {2 + 2} ,
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m

 

 

167T2

 

E

2 2 _ ngl

t’mt) 167T26,

€

4 2

("3)111“),

mt

s—mtz,

4 ’2

1—L3

3

1-3

1+3

ng {-1- +2+filn£}
)

(C42)

(C43)

The 81 function can be easily derived from BO function through the following relation,

81(23, ml, mg) =
(m2 - m1) (30(17, m1, m2) - 30(0,m11, m2))
 

Then, we obtain

31(

81(0, 0, 0) =

mt,mt2,0) =
 

 

 

22:

177

1

- §Bo($,m1,m2)-

(C44)

(C45)

(C46)

(C47)

(C48)



 

 

Figure CI: The three-point green function with massless internal particles.

(3.5 Scalar three-point function

(3.5.1 Analytical result of 00(1)? 193, 0, 0, 0)

When the loop momentum in the scalar function goes to infinity, the ultra-violet

divergence will appear and can be factorized from the rest finite components. Beside

of the UV divergence, the infrared divergence may also arise in the case of the massless

internal particles when the loop momentum goes to zero.

The exchange of gluon between the initial state massless quarks leads to the

following divergent three-point integral:

 

dng 1
2 2 : A: 26

The integral looks impossible, and in fact it will not be easy. The evaluation of such

integrals requires another piece of computational technology, known as the method
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of Feynman parameters *After the Feynman parameterization, we get

1 1 dne 1

CA=2€/d/d/ C50
0 M 0 :r 0 y (27r)"{ 2 - ( l3?

[5 +(p1+ mp2)yl + 8171/(1- 21)}

 

where s = (p1 + p2)2. Making the substitution,

5 —’ ’8 -(p1+ $29011,

the scalar function becomes

'1 1 d11k 1
A — 26 (:17 2

_ 26 1 x 1 2 —i I‘(3—a'z) 32 _ —3

_ ’1' /od /0 d7<23)(47r)% F(3) [ y“ w]?

2' 47m,2 6 F_(___1(+) e)

16712 g 0 $1+—_c ”1+6

_ z' 42212 €F(1+6)2 E F2(—€)

_ 16712( 3 ) F(3) §(-1) F(1—2€)’

 

 

  

 (051)

where we have chosen n = 4 — 2e.

 

‘Here is the MATHEMATICA code for Feynman parameterization:

  
1 I ”aim—1 I‘(m1+---+ m")

— d I ' 'd 716 1_1 1
.

AY'1A312...AZ‘" [0 I] 2 (Ex ) [2%. 41.12"“ I‘(ml) - --I‘(mn)

The function FeynmanParameterization is defined as following:

FeynmanParameterization[p: {{_, _}..},x_List.]/; Length[x]-—————Length[p]:=

Module[

{d, a}, {d, a} = Transpose[p];

Gamma[Plus @196) a]

~ ,- D ' D lt' 1— P @(Q ' @© 8‘1
Plus©©a

TimesfiQKQGamma[a]( 1m“ e dl IUSC x[T1mes LX )/(Plus@@(dx)) ] 

Usage:

FeynmanParameterization[{ {A1, ml },o - - ,{Am mn}],{:1:1, - -- ,2" H.
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Figure C2: The three-point green function with one massive internal particle.

Using the properties of F-functions in F and the following relations

§R(—1)€ = pig—e2, (C52)

8 ’6 ‘ 2 §8 6 2

— =1—1——+—1 —, C53

(m?) ”m: 2“ (m) 1 1

we get the three-point scalar function with massless internal particles as

I 2 E A A 2

A 2 47m. I‘(1+e) 1 1 s 1 2 s 27r

=———— —— —— ——-—l — —1 — —— . .4

CO 167r2 ( m? ) s e2 e mm? + 2 n m't2 3 (C5 )

Here the double poles shows up as one expects due to the soft and collinear singular-

ities.

C.5.2 Analytical result of Co ((131 +P2)2, (—p2)2,0,mt2,0)

The exchange of gluon between the final state top quark and bottom quarks leads to

the following divergent three-point integral (cf. Fig. C2):

342 1

(22)”W + m)? ((4 - pg)? - m2)

(C55)

 

Co((-192)2,(p1+122)2,0,mt2,0) —=— 063 = 242‘]

After the Feynman parameterization we obtain

03—226/1d2/1dy(2y)/ “W 1 (C 56)

0 0 0 (271)2{62 +2€-p}3, '
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where p 2 [mp1 — (1 — 2:)p2] y. After substitution K —-> k — p, we have

1 1 d"k 1

CB = 26/01 f d 2 f

i 11

= —16 2<4w2rr<1+e>f dxu—xrl—‘(mE—éxrl—E/ «my-1‘26
fl 0 0

 

 

 

: z' (47m2)el‘(1+6)1 F(—6)

167T2 2 — e) 2

3

F 1 1 1 — — . .

mt mt2 26 N1 1 ( + 6’ ’ 6’ 2) (C 57)
mt

In the limit 6 —> 0,

2F1(1+6,1,1—6,-S—2)

mt

A -—1—26 A

0%) x [1+ 262Li (77—155)] , (058)

‘t t

1 2 51
) + 21m ( m?) }.

(C.59)

therefore,

03— 2' 47m? 61‘(1+e) _1__11n _§_1 Li

0 _161r2 m? 51 262 6 mt2 2

The logarithm is commonly defined with a branch cut along the negative real axis,

  

3
"
?
!
»

therefore

A A . 2 A

s s + 26m 3 ,

In (—W) —‘) 1n <———n‘;2——) = 111 (m) — Z7T. ((3.60)

Applying Eq. C.60 into C63, we obtain

,3 2'. 1 1 1 51 . .§ 1 2 51 7r2
C = ——C— ——'—l — _L — —1 —— '

0 16712 631 {262 6 Him?) 12 (S1) + 2 n m? 2 ’ (C 61)
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where

4 2 6

mt

 

Note that we only keep the real parts in the calculation and discard the imaginary

parts since it will contribute at the next-leading order.
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Appendix D

Virtual Corrections

D.1 Virtual correction to W+* -—> (M

The virtual correction to the process W* —> ch’ comes from the diagram in Fig. D1

The amplitude reads

2M = e“<q>(-z'g.)%—9§Cp
\f—

  

  

 

d"k _ 2116+ 7‘ + If) 2'15 -?39 a26 1 2 p

x P — ——

“ / (27r>"“(” ) ”<k+p1+p2)2l” Lk27°”(p2)(k+p2>2

2
_ p 993
-— E —C((1)\/5 F

dnk _ 7 (15+ 151+ 142)”! Mp26 0 It
x p / fiup [ P v , D.1

(271)" (1) k2(k+P2l2(k+P1+P2)2 L (p2) ( )

(l

q,  
Figure D.1: Feynman diagram for process W* —> q’(’1'.
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where q = 191 + p2.

In the DRED, the tensor in the loop integral can be further simplified

nu = 7p(16+ 141+ 712% W”

= —4k“ k—4k” gm)“ ”+27" M-

Using the scalar function and tensor reduction, we obtain

 

26/ dnk ”’1u

(27r)" k2(k + p2)2(k + 191 + p2)2

+2711 [d (1021+ 151 151022 - (4 151+ 141 (1)023 + 4024]

+27” [(1 {1011— #1 (1012],

where the scalar coefficients (CU) stand for Cij(p1 + 192, —p1, 0,0,0). Using the on-

shell conditions of the massless quarks (67 and q')

11(P1)¢1 = 0,

15271032) = 0,

and

1 a B a 2

#11 = §{’7 7 +7 7 }qaq,3=q,

we obtain

 

26/ dnk nil

“ (270" We +p2>2(k +p1+p2>2

= 711 {4024 + 25‘ (C21 - C23 + 011)}, (D?)

where 5‘ = q2. In order to restore gauge invariance in the DRED scheme, we need add

a counterterm whose contribution is just a constant “—1” always associated with the

184



UV-divergent term 1 /6. Thus we replace

4C24 —-> 4024 - l,

which leaves the amplitude as

2

MA = %CFE(P1)7;1{4C24 + 23 (C21 - C23 + 011)}PLU(192)€”(CI)

where M301.” stands for the Born level amplitude.

In the DREG, both momentum and v-matrices are handled in n = 4 — 26 dimen-

sions. The tensor in the loop integral is

"u = 7pU6+ ”711 ’57")

= —2 167M“ £1) + 2606+ m. 16

After integrating over It and using the scalar function and tensor reduction, we obtain

 

(Ink n
26 l1 oH =7 40 —2+2 (3' —C' +C ,

‘/(27r)"'192(lc~l~p2)2(k+p1+132)2 H{ 24 S( 21 23 11)}

(13.3)

therefore, the amplitude becomes

M4 = iMBorn X 9301? {4024 - 2 + 25(C721- C23 + 011)}.

In order to get the analytical expression of the form factor, we can further decom-
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pose the scalar coefficients, Cij’ to BO and CO functions:

 

s

= _ __ =_ ———— —1 —, D4

2 2 4 2 s

= — ——B 00=— ———— —1 —, D5

1 3 3 3 s
z _ _ -3 z —_ — — 1 —— , D 6C21 Cu é 1((1, 0,0) Co + 2&6 + g 25, 11(p2) ( l

1 1 3 1 1 s

= — —B 0 0 = — — — —1 — D 7

4 3 7 2 ‘

C22 = 012+7024—2C12=Co+:-+7-7ln -S—2 , (DB)

5 86 s s u

5 11 5 s

C = — — — —l — . D.9

23 CO+2§e+2§ 2g “(#2) ( )

Using the analytical expression of CO (cf. Eq. C.54), we obtain

. 2' _ W*-F ’ ,- t

M = -—g—UI(I)1)“/;1PLv(p2)€“(Q)f1 “1““,
fl

where

*—+— I ' ' 2 2 A 3
fly ‘1‘] (Vlrt) = £01706 ___2_ + _1n .12. _ _

47r 6 6 mt 6

4712 .§ 2 s W*—+q‘q’(virt)
+7 + 3111 51:2 '— ln @2— + [scheme . (13.10)

W* —i(jq’(virt)

The scheme dependent term I is
scheme

W*—>ch’(virt) _ —8 in DREG scheme,

Scheme —7 in DRED scheme.

Now we can cross the final state particles into the initial state to get the form factors

discussed in section 3.4.1 and 3.4.3, respectively.
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o For the q — 5' — W* vertex (s-channel initial state):

196 —-) "an

__) _ ..

which gives

7 =1: - ‘
qq ——»W (v1rt) 030 C 2 2 3 3

= — —— + — ln —— — -

f1 47r F 6 62 6 m? 6

4n? 3 2 § qq—’-+W*(virt)
+—3-+3ln-m—t2—ln —7n—%+ISCheme .

o For the q — W* — q’ vertex (t-channel light quark line):

pf]— —-) —p(I1

which gives

—-+W, 't, a A

f" ‘1‘”) = ficpce{—;2—+;1n(—2>——1
mt 6

2 A A

7r —t 2 —t -»W ’ virt

+-3-+3ln(——2—)——ln (7)+I:Chemg( )}.

mt t
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: P2

W“ P1 + P2 : 51

z +

, .2

: P1  
 

Figure D.2: Feynman diagram for process W* —+ t5.

D.2 Virtual correction to W+* —+ t5

The virtual correction to the process W* —+ t5 comes from the diagram in Fig. D.2.

The amplitude reads

' — 6 ——z' 22512M — “(QM gs) fiCF

dnk _ Z(k+ fl1+ [52 +mt) iK —z'g26 p0
x u —u p _ v __[(2 )n (pl) 7p<k 1 2)2 1? M L ‘2 70 (192)“ | 2)2
 

2
99.

wall—10F
\/§

>< MZE/(g—fléfiwi)

where q = 191 + 192. The tensor in the loop integral can be further simplified

7p(16+ 10711 167” + mt'Yp'l’u M”

We +202)? ((k + q)2 — m?)

 

PLUG”): (D'll)

 

”/1 = 7p(k+ m. M” + mwpw 167”

Using the scalar function and tensor reduction, we obtain

 

26/ dnk 71p

" (%)"W + p2>2<k + p1+ p2)?

= ”m [4C24 + 2"12(021- 2C23 + 022 + 011- C12) + 2§1(C21- C23 + 011)]
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(p2 - p1)u

mt

[2771? (C23 - 632)] -

where the scalar coefficients (Cij) stand for Cij(p1+p2, —pg, 0, mt, O) and §1 = é—mtz.

Here, we take advantage of the fact that the W—boson couples to the massless quarks

(q and q’) in the initial state

11001) 9’?’(P2) = 0,

and

Ba

44 = {7% +77 }qaq3=q2,

[
\
D
I
H

Again, we also need replace 4024 by 4C24 — 1 in the DRED scheme, while replacing

4C24 by 4024 — 2 in the DREG scheme. As explained in section C2, we can further

decompose the scalar coefficients, Cij, to BO and CO functions:

 

1 2 1 ‘ 2 2 "

Cl] = -CO—7——7-+:ln '—12 +3111 :15 , (13.12)

816 31 s u 331 mt

l 2 2 A

C12 = —Co - ,— — T + :- ln 8—1 , (D.13)
816 81 81 #2

1 .§

C11- 012 = -:1n(—1§), (D.14)
3 mt

1 2 ‘ 2‘ ‘
C21— 023 = -: —1 + "it 111 8—1 + -—f- 111 i , (D.15)

28 S th S m?

1 g]
C — C = ——:ln — . D.1622 23 23 (mtg) ( )

The on-shell renormalization scheme is adapted in our calculation to get rid of the

UV-divergence. A counterterms of the wave function of top quark (dZt) is introduced

189



t1: - -t
f 7 v 7

Figure D.3: Feynman diagram of the self-energy correction to top quark.

 

such that

6Z

6M—— 7t X MBornv

where

(92(2)

6Z =

t 8 16 |p2=mt2

The self energy correction to top quark is shown in Fig. D.3 and can be written in

terms of two-point scalar functions:

 

2.2(fl) : 2C ”QC/(dug 7p2(¢+mt)7fl

27F)" (q2 - m?)(q + 19)2

2'<—g9311—6—2CFCC [(2 - 26181 (p2,mt,0) 14+ (4 — 2e)mtBo(p2,mt, 0)].

Furthermore, the UV-divergent parts of BO and Bl function are

1

BO = 2+0“),

1

Bl — —26+O(€)

which lead to

1

2

=4BO—2

(2—26)31 —+ 231—26x )=2Bl+1,(—

1

(4— 26)BO ——> 480 — 26 X —

The final result of the top quark self-energy becomes

EU") = as ‘1_QCF06{[281(P2amt10)167r + 1] 15+ mt [480(p29mt10) — 2]}
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The fermionic self-energy on the top mass shell is ultraviolet divergent but finite in

the infrared regime, whilst its derivative, 82( p)/8p2|p2_m2, develops a singularity

— t

due to the zero mass of the photon, which is of infrared origin. It is easy to derive

6 1 1

—B (2,m,0) —— —+2 ,

a 2 1 1
—B , ,0 = —— — 3 ,

from which we derive

 

52, ___ a__z:(¢>

‘97 p2=m2

= _$CFCE 281092 mt 0) +1 --4m2 1810192 mt 0)47f
a 1 t ap2 , l p =m?

 

(9

’87”? 879530092, mt, 0)

0'3 3

= ——C C — 4 .

47r F 6 (E + )

Including the contribution from the wave function counterterm and using the

 

p2=m%]

analytical expression of C63 (cf. Eq. C.5.2), we obtain

. __ "i9 _ VV*—>tb(virt),7 *—*tb((virt) (p1 "' p2lu

2M — 7521021) [f1 +113" ‘7;— PLv(p2>e”(q>,

where fIW—“B, f2W‘2t5 are

fly—dawn) = EYEC C -—i — 5+ —1n —?+ n2 + 2Li (‘81)
1 47r F E 62 26+ 6 2 $1

+ nm—t2——§— Egg—1'1 m‘—t2+ Scheme , (. )

fW—atb(virt) _ EC C m? In—$1 (D 18)

2 _ 47r F 6 s m? ’ .
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A

where S" = (131 + p2)2, 81 = 2111 -p2 = 3 — m? and the scheme dependent term

W——+t5(virt) .

Scheme
I

W—+t5(virt) __ —6 in DREG scheme,

Scheme — —5 in DRED scheme.

Now we can cross the final state particles into the initial state to get the form

factors of the b— W* —t vertex (t-channel heavy quark line) discussed in section 3.4.4:

p5 ——> —pb1

which gives ffW—w, fé’W'“ as

bW—1t((virt) _ as 1 5

f1 — 7CFC€{‘;2“§+

A 2 A A

—t1 mt -t1 2 —t1 bW—+t(virt)
+3ln———:ln———ln —+I ,

( m? ) t ( m? ) ( m? ) SCheme

2 A

bW—>t( O m “‘tf2 (virt) — —7:CFC€ {7t lD(—21')} ,

bW—>t(virt) .2

t Scheme
where f1 = f — m = —2pb - pt, and the scheme dependent term I

IbW—>t(virt) _ {—6 in DREG scheme,

Scheme —5 in DRED scheme.
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Appendix E

Real corrections: Soft and Collinear

E.1 W* —> (jq'

E.1.1 Soft contribution

Under the soft approximation in the soft region, the squared matrix element can be

written as a factor multiplying the squared Born matrix element:

_ 2 pg —) 0 Aw*_*—’ _

9(23111111 _ [569' — Sq’g ) IM(W* "’ qq,g)l '——’ fsoft qq g IM(W* —’ qqllla
  

-. ‘W*—’riq’g
where we have defined the ezkonal factor fsoft as

4(21117 - pql)

2P6 'Pg)(2pq/ 'Pg).

-W/*_*—-I 2

fsoft qqg = QSCFH 6(
 

In the c.m. frame of W*, we can choose the explicit momentum of final state

 

 

Figure 13.1: Kinematics of q“, q’ and g in the rest frame of W*.
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particles as shown in Fig. E1,

2 2

p, 2 fi,0,0,_£
‘1 2 2

pg = (Eg,0,Egsi1161,Egc0801),

which lead to

 

xwr*__’qq/ C 26 1 E

= . . .1
fsoft 9‘” F” E3<1+C0891)(1— c0361) ( )

The soft phase space boundary condition F2 can be written as

9(25771112 - 569 - Sq’g) : ('3 (23min _ 2096 + qu) ' pg)

= 9 (25min — 2PM” 'pg)

= e (23mm — 2\/§Eg) , (E2)

which gives

E < 3min

In the last two steps of Eq. E.2 we have used the facts that pWa: = pq + pq/ + pg

and pW»: = (fl, 0, 0, \/§) in the c.m. frame of the W-boson. In the soft region, the

3-b0dy phase space can be separated into a 2 body phase space factor times a soft

phase space factor:

  

dn—lp_ dn-lp ,

n _ q q . n n r _ _ _ _

 

dn—lpg

O/2Eg(27r)"—li
(EA)
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For the soft limit, we set the gluon momenta pg = 0 in the delta function and the

phase space then factorizes:

d‘n—lpg

139—*0

dn<I>3 ———’ dnCDg/ (13.5) 

The phase space is most easily evaluated by choosing an explicit representation for

the gluon momentum,

pg = Eg(1, . - . , sin 61 sin 62, sin 61 cos 61, cos 91), (E.6)

yielding,

(in—1P9 = dlfigllfigln—den-2

= dEgEg_2sin”’391d61sinn'462d62df2n_4 (13.7)

where,

2W<7l-3)/2

Q _ = E8
n 4 [(35—3) ( )

Now the phase space in the soft region becomes

1)ng 1 (4706
dn<I>3 —-—+ d7l<1>287r2 P(1 _ 6) Egg-26 sin—26 6 dEgd cos 6. (E.9) 

.. * — I

It is very simple to analytically integrate the eikonal factors fSW AW 9 (cf. Eq. 13.1)

in d dimensions over the soft gluon momentum and get the soft factor

 

 

 

 

—1

W*-—>(iq'g _ ‘W*-+(i<1'g d” P9 , _
ISOft _ [fSOft 2Eg(2’fr)n_1 9(28771271 - ng — Sq/g). (E.10)

Substituting Eqs. E.3, 13.1 and ES) into Eq. E.10, we obtain

W*—*(iq’g 1 (4W)6 2 26
I = —- 4

30ft 87r F(1— 6) 93;! CF

5min

— 1’26 1 (sin26’ )_‘E

x «E 9 dE / 1 d 0 . 13.11
0 E3 9 _1(1+cos91)(1—c0361) COS 1 ( )
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It is straightforward to integrate over the soft gluon energy,

5min
 —26

A _ _ 1 s,

0 \/3 E91 26dEg = “2'; (%) +0(3mm), (312)

but the integration over the polar angle, 19, is more complicated as shown below. At

first we simplify the integration over 01 angle by changing variables cos 61 -—> t — 1,

19
 

[1 dc0561

-1 (1+ c0861)1+6 (1 —- 00891)1+€

 

_ 2/0 dC0861

—1(1+cos€1)1+€(1— c0561)1+6

1

= 2*] t_1_6(2—t)_1_‘dt. (13.13)

0

This is just a hyper-geometry function which is defined as

 2F1(a, b c, z) :— NC) /1(1— z)c—b—1$b_1(1 — xz)_adx,

’ F(MUG-b) 0

therefore, 19 becomes

_ F(—€)F(1) 1

I = 2 6—— F 1 — 1-— —

1 1 6

= 2—6 (—;) (1— §)2 F1(—e, --26, 1 — e, -—1)

1 2 7T2 2

= —[;—2ln2+2€ln 2—fi€]+0(6 ), (E14)

where we have used the properties of the hyper-geometry functions:

 2F1(a,b,c, z) = (1 — z)_b2F1(b,c — a,c, ),

z — l

and

2F1(ae, fie, 1 + ’76, z) = 1+ €2aflLi2(z).
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W*

Figure E.2z Kinematics of (j,q' and g in the collinear region 9 || (1' in W* -> Qq’g.

Substituting Eqs. E.12 and EM into Eq. E.11, we obtain the soft factor as

 

2 4 2 2

[VI/”"149 — 93 CF "“d 3. _ 1““? _ 31m (*Smm)ft — 2 . 2 ~
so 167r F(1 — 6) 3mm 6 c e 3

W2

+4ln22— ~3— +ln2(S’Z—é—n) +4ln21n (82471)}. (153.15)

E.1.2 Collinear contribution

In addition to being singular in the soft gluon region, the matrix elements are also

singular in the collinear region (.73) where the matrix elements exhibit an overall

factorization. In the limit g H q", we define

9 ll 9' 99”

Pg ——+ (1-€)ph» pq—iéph,

with p}, = pg + pg, as shown in Fig. E2.

In the collinear limit,

9(ls ‘23min)e(3min_ ISQQI) |M(W* —* qqlg)l2 w’ gig—Mi |M(W* _’ (IQ/HZ ,
 9’9

where the collinear factor 669—“? is defined as

1399-“?(5)

gig—“7 = 93/1260 .

299 mg
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The function pq'g-wj is related to the Altarelli-Parisi splitting function:

 

2 _ _ 2

_ _ 21+€ 1 6(1 6) , in DREG scheme,

pqg—*CI(§) = 1+ 62 ‘5 (153.16)

2 1 5 , in DRED scheme. 

In the collinear region, we get

  
lsqrg = lpg+pqr =(1-€)8q/h=(1-E)§,

therefore, the collinear phase space boundary condition can be written as

@( _ 23min)e(3min _ lscigl) = e(5min "‘ lSle)e((1'—€)§ _ 23min)-
  39’9

The phase space in the collinear region (pq || pg) can also be factorized as

(in—lpq' dn—lpg : 1 (4,”)6

(27r)"‘12Eq- (2n)"’12Eg 167r2 F(1 — e)

   

-6 d""1

[ngfll — €)] dngdgx ((2%)71—fzhEh) .

After integrating over the collinear phase space for the case 9 H (i, we obtain the

collinear factor

 

 

 

2s -

IW*->(7q,g _ Smind _ 1“ _1;_11._n_.d 2 2 260 pqg—“I 1 (47,.)6 [ _ 1 )]_€

9H9 — o S“ 0 6 9311 F 3.79 167T2F(1—e) 8‘19“ ‘5

2s -

9‘3 (4W2)6C 8mm ‘1_€d 1_ Timid Pig—"7 1 - E17822F(1-e) F/o Sag sqg/O ,5 (5)151 -o1(. )

It is straightforward to integrate over the invariant mass of (j and g (359),

8. -

MCI—‘ds- __1S_. +013 - ) (E18)
0 ‘99 ' 99 _ 6 mm mm 1

.

but the integration over the momentum fraction 5 (15) is regularization scheme de-

pendent due to the splitting kernel (cf. Eq. E.16), therefore needs to be calculated
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separately in different scheme. In the DRED scheme,

23nnn

[DRED = /1_ .§

5 0

23min

1‘ - 1+52 2 lug ln(1—-€)

Z/o S dill-6‘1”“??? 1—5 )€}

2 - 3 yr? 23
= —2 (In fit—215 + —) — 3 + — +1n2 —:—S”" + 0(5min)1 (E-19)

 

(1611+?
 

E[(61— Ol‘

 

 

4 3

while in the DREG scheme,

2 - 3 7 2 2 -+
IEDREG = -—2 (In 493—13 + 4) — 2 + 7% + In2 4947—12 + (9(sn,,-n). (13.20)

Substituting Eqs. E18, E19 and E20 into Eq. 13.17, and also considering the con-

tribution from the region pg H pqz, we obtain the collinear factor

001 _ 167r2 F(l — 6)
3min

2 6

IW*—+(jq’g _ .93 CF (47rud)

X

4 23-min 3 2W2 2 25min HW*“’QQ
{€111 (T) +;-——3——21n —.§— IScheme (66.))2

*-*99'(<301) -
where the scheme dependent factor [Scheme IS

I/V’k—Nfl/(col) _ 7 in DREG scheme,

Scheme _ 6 in DRED scheme.
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E.2 W* —> t5

E.2.1 Soft contribution

Under the soft approximation, in the soft region (F2), the squared matrix element

can be written as a factor multiplying the squared Born matrix element:

l2 p960
————>

- “Wt—1 b '

ems"... — stg — s59) |M(W* —+ tbg) f3 ‘ 9 |M(W* —> tb)| ,

. “W’*—>t59

where we have defined the ezkonal factor f3 as

 

. *_,- 42 - - 4 2

(291 'Pg)(2P5 'Pg) (21): ~99)

In the c.m. frame of t and 5 system, we can choose the explicit momentum of final

state particles as follows:

Pt = (Et,0,0,Pt),

pl.) : (Etaoaoa—Et)a

Pg = (Eg,0,Egsin0,Egcosfl),

where Et, Eb and E9 is the energy of top quark, anti-bottom quark and gluon energy,

respectively, and 0 is the angle between the gluon and the top quark. It is easy to

show the eikonal factor can be written as

" *_) T 1 2 t + m2

fsW “’9 = —— ( V t" m t > , (E22)
t

  

E313 (1 +cos6)(1 — abcose) _ Et(1— meow)?

where

ttb = 2;:3Et2(1+6),

t

Btb = tb
ttb + 2711.2 ’

tfb + 277%2
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Now let us calculate the phase space boundary condition with the choice of momentum

above. We have

tbg = QflEtEgu-l-COSH),

ttg = 2EtEg(1— ficosB),

therefore,

2 2Eg‘/ttb + 771,2. (E23)

Substituting Eq. 1323 into the soft phase space boundary condition .72, we obtain

E < 8772i” :Emax

g _ — o

/ g

ttb 'l' "I?

 

  

" ’*-—i - . . .

We then integrate the eikonal factors f? tbg 1n (1 dlmenSlOIlS over the soft gluon

momentum,

_ 2 Emax

W*—»tbg _ 93 (47mg) —1—2e

150“ _ 167r2 I‘( 1— 6))CF fog dEg E9

1 2‘ / t + m2 2
1 tb

/ dcosB sin2g 6— t — mt

_1 Et (1+cosd)(1—fic086) Et(1—ficosfi)2

and obtain the soft factor

2
—€

IW*—»t59 : 9% CF 47mg __Smm
soft

167r2 F(1— 6) 3min él + m?

1 1 ‘

6 6 mt
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2
. 2 2 "

—”—+21n22—21n2+ 21n2+M] 1n(1+fl2‘)6
31 mt

1 . A

——ln2 H312 —2Li2 A 512 ,
2 mt 81+mt

E.2.2 Collinear contribution

 

 

where 31 E ttb-

In the collinear region (.73), where g H 5, the matrix elements exhibit an overall

factorization as

" 2 g ”B A- —>— * " 2

6(3tg _ 23min)e(3min _ 559) IMO/V,“ _’ tbg)‘ _—"’ Cbg b(€) |M(W _’ tb)l a

where the collinear factor ébgflb is defined as:

P®nho 4m?

219-19 2 - 2
, b] g , ( Pt Pg)

11

(12.24)

where Pay—”5(5) is same as Eq. (E.16).

Integrating the first term in Eq. E24 over the collinear phase space is same as

the one we have shown in the calculation of W" ——> (iq’, so we only present the final

 

result:

6

W*—+tl_)g __ 93 CF 4717,31

1 1 (1 ) — .
C0 1()7r2 F(1 — 6) 8min

x {Z [In2 (LTW) + E] — 1n2 (LTM)

e s 4 s

772 IW*——»tl-)g(col) E 25

—? + Scheme ( ' )
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‘ W*——»tl_)g(col) .

where the scheme dependent factor [Scheme 18

in DREG scheme,

in DRED scheme.

* _ 7

W —+tbg(col) __

IScheme _ g

The second term in Eq. E24 contributes

 
IlV*—+tbg(11) _ 49.? (47m?)6 23

601 167r2F(1—e) F tfb

s . 1__2_Szlllifl
'nl'ln _ 2__

x /O dtbgtbgC/O tb dz [z(1—z)] C

 ___ _ ‘ifim .,
167r2 I‘(1 — e) tfb mm °Smin

Summing up the contributions from the first term and the second term, we get the

collinear factor

 

e

IW’*—>tl—)g ___ 93 CF 47TH?!

C01 167r2 F(1 — 6) 8min

X {Z [1112 (23mm) + é] _ 1112 (25min)

6 s 4 3

W2 mt? IW*—>t5g(col)}

3 - ET + Scheme
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Appendix F

F function

In computations, it will be necessary to understand the behavior of the 1" function in

the vicinity of its poles. The following Laurent expansions, in the limit 6 —> 0, should

be sufficient:

m) = g — 73 + 0(5). (F.1)

From this expansion, it is easy to prove

 

 

I

“6"” = <6—1><---><6—n>m)

___ (_nl!)'n (%+1+%+°“+'71;_7E)+0(6)v
(F2)

where 713, Euler’s constant, and 7,, are give by

7E 2 .5772,
(F3)

(17.4)H

+

I

+ +

I I

§7n

Using the relation F(z)I‘(1 — z) = 7r/ sin(7rz) with z = 6, we can compute the coeffi-

cients of positive powers of 6 in the Laurent expansion of I‘(6). For example,

1 772 If? 2
r(5)=3—73+ -1—9+—2— 5+0(5 ). (F.5)
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Since the F’s have simple poles, it is necessary to expand every other 5-dependent

factor up to order 6 if we are to get the correct finite part as 6 —* 0. The following

Laurent expansion will be sufficient:

6 _ 2
z —1+6lnz+0(6). (F.6)

Commonly, we shall use these expansion in the combination, for example,

 U6 — 71)::6 = ( (g + 7n + (2(6)) (1+ (5an + (9(6))

 = H)” (% +7” +lnz) + 0(6). (F7)

Some useful F functions are listed below, where we have change the argument of F

function to be the small dimension 6 in the dimensional regularization,

I‘(1 - 6) = -€F(e) + 0(6), (F8)

I‘(1 + 6) = 1- 7136 + $712; + 363) + 0(53), (F-9)

r<—e> = —§ — 73 + 0(6), (me)

F(1— 26) = 1+ 275:6 + 0(8), (F.11)

53:1) = 1— fie? + 0(63). (F.12)
m- 25) 6

205

 



Bibliography

[1] P. Azzi, i in. Combination of cdf and d0 results on the top-quark mass. 2004.

[2] A. Sirlin. Ten years of precision electroweak physics. Int. J. Mod. Phys.,

A1581:398—415, 2000.

[3] Ikaros I. Y. Bigi, Yuri L. Dokshitzer, Valery A. Khoze, Johann H. Kuhn, Pe-

ter M. Zerwas. Production and decay properties of ultraheavy quarks. Phys.

Lett., B181:157, 1986.

[4] C.-P. Yuan. Strategies for probing cp properties in the top quark system at e-

e+ and hadron colliders. Mod. Phys. Lett., A10:627’638, 1995.

[5] David Atwood, S_haouly Bar-Shalom, Gad Eilam, Amarjit Soni. Cp nonconser-

vation in pp’ —) tbx at the tevatron. Phys. Rev., D54z5412—5416, 1996.

[6] S. Bar-Shalom, D. Atwood, A. Soni. Cp violation in single top quark production

and decay via p anti-p -> t anti-b + x —> w+ b anti-b + x within the mssm:

A possible application for measuring arg(a(t)) at hadron colliders. Phys. Rev,

D57zl495—1517, 1998.

[7] Gordon L. Kane, G. A. Ladinsky, C.-P. Yuan. Using the top quark for testing

standard model polarization and cp predictions. Phys. Rev, D452124—141, 1992.

[8] Douglas 0. Carlson, Ehab Malkawi, C.-P. Yuan. Probing the couplings of the

top quark to gauge bosons. Phys. Lett., B337zl45—151, 1994.

[9] Thomas G. Rizzo. Single top quark production as a probe for anomalous mo-

ments at hadron colliders. Phys. Rev., D53z6218-6225, 1996.

[10] Ehab Malkawi, Tim Tait, C. P. Yuan. A model of strong flavor dynamics for

the top quark. Phys. Lett., 8385:304—310, 1996.

[11] Tim Tait, C.-P. Yuan. Anomalous t-c-g coupling: The connection between

single top production and top decay. Phys. Rev., D55z7300—7301, 1997.

[12] A. Datta, X. Zhang. Non-universal correction to z —> b anti-b and single top

quark production at tevatron. Phys. Rev., D55z2530-2532, 1997.

[13] Chong Sheng Li, Robert J. Oakes, Jin Min Yang. Supersymmetric electroweak

corrections to single top quark production at the fermilab tevatron. Phys. Rev,

D5515780—5785, 1997.

206



[14] Elizabeth H. Simmons. New gauge interactions and single tOp quark production.

Phys. Rev., D55z5494—5500, 1997.

[15] K. Whisnant, Jin-Min Yang, Bing-Lin Young, X. Zhang. Dimension-six cp-

conserving operators of the third-family quarks and their effects on collider

observables. Phys. Rev., D56z467—478, 1997.

[16] Philip Baringer, Pankaj Jain, Douglas W. McKay, Lesley L. Smith. Single top

from technipion production. Phys. Rev, D5622914—2919, 1997.

[17] Chong-Sheng Li, Robert J. Oakes, Jin-Min Yang, Hong-Yi Zhou. Supersym-

metric ch corrections to single top quark production at the fermilab tevatron.

Phys. Rev, D5722009—2012, 1998.

[18] Tim Tait, C.—P. Yuan. The phenomenology of single top quark production at

the fermilab tevatron. hep-ph/97103’72, 1997.

[19] Ken-ichi Hikasa, K. Whisnant, Jin Min Yang, Bing-Lin Young. Probing anoma-

lous top quark interactions at the fermilab tevatron collider. Phys. Rev.,

D582114003, 1998.

[20] Tao Han, M. Hosch, K. Whisnant, Bing-Lin Young, X. Zhang. Single top quark

production via fcnc couplings at hadron colliders. Phys. Hen, D582073008, 1998.

[21] Hong-Jian He, C. P. Yuan. New method for detecting charged (pseudo-)scalars

at colliders. Phys. Rev. Lett., 83:28—31, 1999.

[22] Edward Boos, Lev Dudko, Thorsten Ohl. Complete calculations of w b anti-b

and w b anti-b + jet production at tevatron and lhc: Probing anomalous w t b

couplings in single top production. Eur. Phys. J., C11:473—484, 1999.

[23] D. Espriu, J. Manzano. Measuring effective electroweak couplings in single top

production at the lhc. Phys. Rev, D65:073005, 2002.

[24] Sally Dawson. The effective w approximation. Nucl. Phys, B249242-60, 1985.

[25] Scott S. D. Willenbrock, Duane A. Dicus. Production of heavy quarks from w

gluon fusion. Phys. Rev., D34:155, 1986.

[26] C.-P. Yuan. A new method to detect a heavy top quark at the tevatron. Phys.

Rev, D4lz42, 1990.

[27] G. A. Ladinsky, C.-P. Yuan. The w - top background to heavy higgs production.

Phys. Rev., D43z789—793, 1991.

[28] S. Cortese, R. Petronzio. The single top production channel at tevatron energies.

Phys. Lett., B253:494—498, 1991.

[29] R. K. Ellis, Stephen J. Parke. Top quark production by w gluon fusion. Phys.

Rev., D46z3785-3788, 1992.

[30] Douglas 0. Carlson, C.-P. Yuan. Studying the top quark via the w - gluon

fusion process. Phys. Lett., B306:386—390, 1993.

207



[31] G. Bordes, B. van Eijk. Calculating ch corrections to single top production in

hadronic interactions. Nucl. Phys, B435:23—58, 1995.

[32] T. Stelzer, S. Willenbrock. Single t0p quark production via q anti-q —> t anti-b.

Phys. Lett., B357zl25-130, 1995.

[33] A. P. Heinson, A. S. Belyaev, E. E. Boos. Single top quarks at the fermilab

tevatron. Phys. Rev, D56:3114—3128, 1997.

[34] Martin C. Smith, S. Willenbrock. ch and yukawa corrections to single-tOp-

quark production via q qbar -> t bbar. Phys. Rev, D54z6696-6702, 1996.

[35] S. Mrenna, C.-P. Yuan. Effects of ch resummation on w+ h and t anti-b

production at the tevatron. Phys. Lett., 8416:200—207, 1998.

[36] T. Stelzer, Z. Sullivan, S. Willenbrock. Single-top-quark production via w-gluon

fusion at next-to— leading order. Phys. Rev, D5625919—5927, 1997.

[37] Stefano Moretti. Single-top production in the t w+- channel and higgs signals

via h —> w+ w- at the large hadron collider. Phys. Rev., D56:7427—7433, 1997.

[38] T. Stelzer, Z. Sullivan, S. Willenbrock. Single top quark production at hadron

colliders. Phys. Rev, D582094021, 1998.

[39] A. S. Belyaev, E. E. Boos, L. V. Dudko. Single top quark at future hadron

colliders: Complete signal and background study. Phys. Rev, D59:075001,

1999.

[40] Tim M. P. Tait. The t w- mode of single top production. Phys. Rev,

D61:034001, 2000.

[41] A. Belyaev, E. Boos. Single top quark t w + x production at the lhc: A closer

look. Phys. Rev., D63:034012, 2001.

[42] Tim Tait, C.-P. Yuan. Single top quark production as a window to physics

beyond the standard model. Phys. Rev, D63:014018, 2001.

[43] B. Abbott, i in. Search for electroweak production of single t0p quarks in p

anti-p collisions. Phys. Rev., D63:031101, 2001.

[44] D. Acosta, i in. Optimized search for single top quark production at the fermilab

tevatron. Phys. Rev., D69:052003, 2004.

[45] D. Acosta, i in. Search for electroweak single top quark production in p anti-p

collisions at s**(1/2) = 1.96-tev. Phys. Rev., D712012005, 2005.

[46] A. Stange, William J. Marciano, S. Willenbrock. Higgs bosons at the fermilab

tevatron. Phys. Rev., D49:1354—1362, 1994.

[47] A. Stange, William J. Marciano, S. Willenbrock. Associated production of

higgs and weak bosons, with h —+ b anti-b, at hadron colliders. Phys. Rev,

D5024491—4498, 1994.

208



[48] A. Belyaev, E. Boos, L. Dudko. Light and intermediate higgs boson bearch at

tevatron energies. Mod. Phys. Lett., A10z25—38, 1995.

[49] Qing-Hong Cao, Shinya Kanemura, C.-P. Yuan. Associated production of cp-

odd and charged higgs bosons at hadron colliders. Phys. Res, D69:075008,

2004.

[50] Kosuke Odagiri. Searching for heavy charged higgs bosons in the neutrino tau

decay mode at lhc. hep-ph/9901432, 1999.

[51] B. W. Harris, E. Laenen, L. Phaf, Z. Sullivan, S. Weinzierl. The fully differ-

ential single top quark cross section in next-to-leading order ch. Phys. Res,

D662054024, 2002.

[52] Zack Sullivan. Understanding single-top-quark production and jets at hadron

colliders. Phys. Res, D702114012, 2004.

[53] Shouhua Zhu. Next-to-leading order ch corrections to b g —> t w- at cern large

hadron collider. hep-ph/0109269, 2001.

[54] John Campbell, R. K. Ellis, Francesco Tramontano. Single t0p production and

decay at next-to-leading order. Phys. Res, D702094012, 2004.

[55] Qing-Hong Cao, C. P. Yuan. Single top quark production and decay at next-

to-leading order in hadron collision. Phys. Rev, D71:054022, 2005.

[56] Qing-Hong Cao, Reinhard Schwienhorst, C. P. Yuan. Next-to-leading order

corrections to single top quark production and decay at tevatron. i: s-channel

process. Phys. Res, D71:054023, 2005.

[57] Qing-Hong Cao, Reinhard Schwienhorst, Jorge A. Benitez, Raymond Brock,

C. P. Yuan. Next-to-leading order corrections to single top quark production

and decay at the tevatron. ii: t-channel process. hep-ph/0504230, 2005.

[58] Gerard ’t Hooft, M. J. G. Veltman. Regularization and renormalization of gauge

fields. Nucl. Phys, B44:189-213, 1972.

[59] Z. Bern, A. De Freitas, Lance J. Dixon, H. L. Wong. Supersymmetric regular-

ization, two-loop ch amplitudes and coupling shifts. Phys. Rev, D66z085002,

2002.

[60] K. Melnikov, Oleg I. Yakovlev. Final state interaction in the production of

heavy unstable particles. Nucl. Phys, B471:90—120, 1996.

[61] W. Beenakker, A. P. Chapovsky, Frits A. Berends. Non-factorizable corrections

to w pair production. Phys. Lett., B411:203—210, 1997.

[62] W. Beenakker, A. P. Chapovsky, Frits A. Berends. Non-factorizable corrections

to w-pair production: Methods and analytic results. Nucl. Phys, 8508:17—63,

1997.

[63] Warren Siegel. Supersymmetric dimensional regularization via dimensional re-

duction. Phys. Lett., B84:193, 1979.

209





[64] D. M. Capper, D. R. T. Jones, P. van Nieuwenhuizen. Regularization by di-

mensional reduction of supersymmetric and nonsupersymmetric gauge theories.

Nucl. Phys, B1672479, 1980.

[65] 1. Jack, D. R. T. Jones, K. L. Roberts. Equivalence of dimensional reduction

and dimensional regularization. Z. Phys, C63:151—160, 1994.

[66] Michael S. Chanowitz, M. Furman, I. Hinchliffe. The axial current in dimen-

sional regularization. Nucl. Phys, B159z225, 1979.

[67] Jurgen G. Korner, Michael M. Tung. Dimensional reduction methods in ch.

Z. Phys, C64z255—265, 1994.

[68] B. Kamal. ch corrections to spin dependent drell-yan and a global subtraction

scheme. Phys. Res, D5321142—1152, 1996.

[69] G. Passarino, M. J. G. Veltman. One 100p corrections for e+ e— annihilation

into mu+ mu- in the weinberg model. Nucl. Phys, 8160:151, 1979.

[70] Guido Altarelli, G. Parisi. Asymptotic freedom in parton language. Nucl. Phys,

13126298, 1977.

[71] T. Kinoshita. Mass singularities of feynman amplitudes. J. Math. Phys, 3:650—

677, 1962.

[72] T. D. Lee, M. Nauenberg. Degenerate systems and mass singularities. Phys.

Rev, 133:31549—31562, 1964.

[73] F. Gutbrod, G. Kramer, G. Schierholz. Higher order ch corrections to the

three jet cross- sections: Bare versus dressed jets. Z. Phys, C21:235, 1984.

[74] H. Baer, J. Ohnemus, J. F. Owens. A next-to-leading logarithm calculation of

jet photoproduction. Phys. Res, D40:2844, 1989.

[75] F. Aversa, M. Greco, P. Chiappetta, J. P. Guillet. Jet inclusive production to

o (alpha-s**3): Comparison with data. Phys. Rev. Lett., 65:401—403, 1990.

[76] W. T. Giele, E. W. N. Glover. Higher order corrections to jet cross-sections in

e+ e- annihilation. Phys. Res, D46:1980—2010, 1992.

[77] W. T. Giele, E. W. N. Glover, David A. Kosower. Higher order corrections to

jet cross-sections in hadron colliders. Nucl. Phys, B403z633—670, 1993.

[78] Stephane Keller, Eric Laenen. Next-to-leading order cross sections for tagged

reactions. Phys. Res, D59:114004, 1999.

[79] R. K. Ellis, D. A. Ross, A. E. Terrano. The perturbative calculation of jet

structure in e+ e- annihilation. Nucl. Phys, B178z421, 1981.

[80] Stephen D. Ellis, Zoltan Kunszt, Davison E. Soper. The one jet inclusive cross-

section at order alpha-s**3. 1. gluons only. Phys. Res, D40:2188, 1989.

[81] S. Bethke, Z. Kunszt, D. E. Soper, W. James Stirling. New jet cluster algo-

rithms: Next-to—leading order ch and hadronization corrections. Nucl. Phys,

B370z310—334, 1992.

210



[82] Michelangelo L. Mangano, Paolo Nason, Giovanni Ridolfi. Heavy quark correla-

tions in hadron collisions at next-to- leading order. Nucl. Phys, 8373:295-345,

1992.

[83] S. Frixione, Z. Kunszt, A. Signer. Three-jet cross sections to next-to-leading

order. Nucl. Phys, 8467:399—442, 1996.

[84] S. Catani, M. H. Seymour. The dipole formalism for the calculation of ch jet

cross sections at next—to-leading order. Phys. Lett., B378z287—301, 1996.

[85] S. Catani, M. H. Seymour. A general algorithm for calculating jet cross sections

in nlo ch. Nucl. Phys, B485z291-419, 1997.

[86] Arnd Brandenburg, Peter Uwer. Next-to-leading order ch corrections and

massive quarks in e+ e- —> 3jets. Nucl. Phys, 8515:279—320, 1998.

[87] Chong Sheng Li, Robert J. Oakes, Tzu Chiang Yuan. ch corrections to t ——>

w+ b. Phys. Rev, D43:3759—3762, 1991.

[88] D. Amidei, R. Brock. Report of the tev2000 study group. 1996.

[89] J. Pumplin, i in. New generation of parton distributions with uncertainties from

global ch analysis. JHEP, 07:012, 2002.

[90] V. M. Abazov, i in. A precision measurement of the mass of the top quark.

Nature, 429:638—642, 2004.

[91] Qing-Hong Cao, C.-P. Yuan. Combined effect of ch resummation and qed

radiative correction to w boson observables at the tevatron. Phys. Rev. Lett.,

93:042001, 2004.

[92] J. Alitti, i in. Inclusive jet cross—section and a search for quark compositeness

at the cern anti-p p collider. Phys. Lett., B257z232—240, 1991.

[93] F. Abe, i in. The topology of three jet events in anti-p p collisions at s**(1/2)

_—_ 1.8—tev. Phys. Rev, D45:1448—1458, 1992.

[94] S. Abachi, i in. Studies of topological distributions of the three- and four-jet

events in p anti-p collisions at \/s = 1800 gev with the do detector. Phys. Rev,

D53z6000—6016, 1996.

[95] S. Catani, Yuri L. Dokshitzer, B. R. Webber. The k-perpendicular clustering

algorithm for jets in deep inelastic scattering and hadron collisions. Phys. Lett.,

8285:291—299, 1992.

[96] Stephen D. Ellis, Davison E. Soper. Successive combination jet algorithm for

hadron collisions. Phys. Rev, D48:3160—3166, 1993.

[97] Stephen D. Ellis, Zoltan Kunszt, Davison E. SOper. The one jet inclusive cross-

section at order alpha-s**3: Gluons only. Phys. Rev. Lett., 622726, 1989.

[98] William B. Kilgore, W. T. Giele. Next-to-leading order gluonic three jet pro-

duction at hadron colliders. Phys. Rev, D5527183—7190, 1997.

211



[99] Gordon L. Kane, C.-P. Yuan. How to study longitudinal ws in the tev region.

Phys. Rev, D40:2231, 1989.

[100] Chuan-Ren Chen, F. Larios, C. P. Yuan. General analysis of single top produc-

tion and w helicity in top decay. 2005.

[101] Gregory Mahlon, Stephen J. Parke. Angular correlations in top quark pair

production and decay at hadron colliders. Phys. Rev, D53:4886-4896, 1996.

[102] Stephen J. Parke, Yael Shadmi. Spin correlations in top quark pair production

at e+ e- colliders. Phys. Lett., 8387:199—206, 1996.

[103] Gregory Mahlon. Spin polarization in single top events. 1998.

[104] Gregory Mahlon, Stephen J. Parke. Improved spin basis for angular correlation

studies in single top quark production at the tevatron. Phys. Rev, D55z7249—

7254, 1997.

[105] Gerard ’t Hooft, M. J. G. Veltman. Scalar one loop integrals. Nucl. Phys,

8153:365—401, 1979.

[106] A. Denner. Techniques for calculation of electroweak radiative corrections at the

one loop level and results for w physics at lep-200. Fortschr. Phys, 41:307—420,

1993.

212



IIl][l‘]]]]ll]]]i]l]ll[[1]]!  


