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Chapter 1

Introduction and outline

In this chapter we will introduce both the theoretical and experimental research de-
scribed in this thesis, and mention the connection between the two.

The research in this thesis is done in the framework of the Standard Model (SM).
This is a collection of gauge theories that describes all fundamental interactions known
today except gravity. An important part of the SM is Quantum Chromodynamics
(QCD). QCD is a relativistic quantum field theory' based on local SU(3) gauge invari-
ance. It is the microscopic theory of the strong interaction.

Fields in the SM correspond to particles, both fermions and bosons. The heaviest
fermion in the SM is the top quark. With its mass of about 175 GeV it is much heavier
than the other quarks (the mass of the next-heaviest bottom quark is about 5 GeV)
and leptons (the heaviest lepton is the tau, which has a mass of 1.777 GeV).

The study of the top quark is very interesting for various reasons:

e In the SM, mass is generated by electroweak symmetry breaking. The large
mass of the top quark, close to the electroweak scale, indicates that it couples
strongly to the field that breaks this symmetry. The top quark could thus play
an important role in understanding the generation of mass in the SM.

e In the SM, the top mass, together with the W mass, constrains the Higgs mass.
Combined with a direct measurement of the Higgs mass this can be used as a
consistency check of the SM.

e So far, only the top quark mass has been measured. Only detailed study will tell
if the properties of the top quark are as described by the SM.

e The high top mass implies a weak coupling to gluons, making it very suitable for
perturbative QCD precision studies.

!Excellent expositions of quantum field theory can be found in books by Mandl and Shaw [1],
Peskin and Schroeder [2] and Sterman [3].
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e The top quark’s very short lifetime (large width) ensures that its properties are
not obscured by QCD hadronization. For example, its spin can be studied di-
rectly.

It is clear from this, that studies of the top quark will be among the most important
at the Tevatron and the upcoming Large Hadron Collider (LHC).

The top quark was first directly observed at the Fermilab Tevatron in 1995. The
discovery was made in the process where a top/antitop pair is produced through QCD
interaction?. One of the Leading Order (LO) Feynman diagrams showing this interac-
tion is given in Figure 1.1.

Figure 1.1: One of the LO Feynman diagrams for top pair production. The top quark
line is thickened.

A top quark can also be produced through the charged-current coupling (elec-
troweak interaction). This is called single-top production, because only one top (or
antitop) quark is produced. The LO Feynman diagrams for this process are given in
Figure 1.2. Single-top production has not yet been observed, due to a lower cross
section and much higher backgrounds for this process.

This measurement has importance because the charged-current top coupling might
be particularly sensitive to certain signals of new physics. For example, in the SM,
but not in various extensions, the top quark is 100% polarized when produced via the
charged-current interaction, and this structure can be verified by looking at the decay
products of the top.

The first part of this thesis will develop the theoretical description of single-top
production: Chapter 2 describes a calculation of single-top production at LO which
includes the decay of the top quark. Numerical results of this calculation are also given.
In Chapter 3, we develop techniques which are needed for a Next to Leading Order
(NLO) QCD calculation with massive particles. In Chapter 4 a fully differential NLO
(in QCD) calculation of single-top production is presented®.

2In Chapter 5 theoretical and experimental work that has been done on top pair production will
be discussed.
3Chapters 2, 3 and 4 are based on publications [4, 5, 6].
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Figure 1.2: The LO Feynman diagrams for single-top production. The top quark line
is thickened.

The second part of the thesis describes the measurement of a top cross section in
recent data taken with the DO detector at the Tevatron collider. Due to the limited
availability of data, a discovery of single-top production was not possible at the time
of writing of this thesis. We therefore decided to do a measurement of the top pair
cross section. Because many of the techniques used in this measurement are similar to
the single-top cross section measurement, this will be an excellent preparation for the
single-top measurement. Moreover, top pair production is an important background
to single-top production.
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Chapter 2

Single-top production at Leading
Order

2.1 Introduction

There are various partonic subprocesses that lead to the production of a single top.
The ones for which we derive tree-level helicity amplitudes are the “W-gluon fusion”
process

u+g—t+d+b, (2.1)
the “flavor excitation” process
u+b—t+d, (2.2)
the Drell-Yan like “s-channel” process, which occurs via a virtual timelike W-boson
u—+d—t+0b, (2.3)
and the “W-associated” production process
g+b—t+W (2.4)

with the W decaying hadronically. In reactions (2.1) and (2.2) it is understood that
we may replace the (u,d)-quark pair by (d, ), (¢,s) and (5,¢). In reaction (2.3) we
may replace the (u,d)-pair by (c, 3). In addition, CKM suppressed combinations may
be included.

Because of its large mass, the electroweak decay of the top quark proceeds so rapidly

that top bound states do not have time to form [7]. This also means that the decay
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products of the top quark are correlated with its spin. It is therefore desirable to
include the semileptonic decay! of the top quark in the amplitudes:

t—=b+1+v. (2.5)

The complete tree-level amplitudes for flavor excitation and s-channel production
can be obtained by crossing from those for

0—=b+l+v+b+u+d. (2.6)

with “0” representing the vacuum. Likewise, the amplitudes for W-gluon fusion and
W-associated production are obtained by crossing from

0=b+l+v+bti+d+yg (2.7)

In this chapter we present the complete tree-level helicity amplitudes for (2.6) and
(2.7). We obtain compact expressions by using spinor helicity methods. We present in
addition all amplitudes for the subprocesses (2.1-2.4) in the narrow top width approx-
imation [8, 9]. This allows us to check the quality of this approximation against the
full calculation, for which only a few of the diagrams actually involve a top quark?.

Although the helicity amplitudes for (2.1-2.4), including top decay, may be obtained
as well as Fortran code from the program Madgraph [11], we believe that our analytical
results are valuable for a number of reasons. First, analytical expressions can offer
additional insights, e.g. in the phase space structure of the cross section near the
top mass pole. Second, they lead to even more compact computer codes by allowing
numerical crossing, and third, they allow evaluation in terms of spinor products, and in
different computer languages (we use C++). Finally, our results constitute a nontrivial
check on this useful program. In this context we also mention the program Onetop
[12], and the general purpose programs Pythia [13] and Herwig [14] which can be used
as event generators for single-top production.

In order to test these amplitudes numerically, we study various distributions in
momentum and angle of some of the final state particles for each process separately.
We limit ourselves here to the subprocesses (2.1-2.3), because process (2.4) is negli-
gible [15, 16] at the Tevatron. We note that whether a subprocess is a leading order
contribution or a higher order correction to another, depends on the definition of the
final state. Thus, for sufficiently inclusive quantities the W-gluon fusion and flavor
excitation processes are not independent: a part of the former is then in fact a higher
order QCD correction to the latter, and must be mass factorized [17]. A similar argu-
ment applies to W-gluon fusion and the s-channel process in the case where the gluon

1Single-top production with hadronic top decay suffers from large QCD backgrounds.
2A study of finite width effects in ¢ production is given in [10].
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couples to the u-d-quark line, and the signal is defined to be inclusive with respect
to the presence of the light quark jet. Furthermore, whether bottom quarks are part
of the initial state is a choice of factorization scheme. We adopt a five-flavor scheme
and include bottom quark parton distribution functions. In this chapter we wish to
examine some characteristics of each process individually, rather than perform a com-
prehensive phenomenological study involving combinations of these processes and their
backgrounds, as such studies already exist in the literature [16, 18]. We therefore focus
on exclusive quantities, e.g. we require exactly three jets or exactly two jets.

Our conventions for spinor helicity methods are listed in Section 2.2. Sections 2.3
and 2.4, together with Appendix A, contain the helicity amplitudes for processes (2.6)
and (2.7). In Section 2.5 we discuss the narrow top width approximation, while the
results of our numerical studies can be found in Section 2.6. We conclude in Section 2.7.

2.2 Spinor helicity methods

To compute the amplitudes for (2.6) and (2.7) we use spinor helicity methods [19, 20,
21, 22, 23]. We limit ourselves here to listing our conventions; for reviews of spinor
helicity methods see e.g. [24, 25].

With spinor helicity methods we can express scattering amplitudes in terms of
massless Weyl spinors of helicity :t%

U(p, j:) = U(pa :F) = |p:|:>, fc(p, i) = 7_1(17, :F) = <p;|: | (2'8)

External fermion states are directly expressed in terms of these. Our convention is to
take all particles outgoing. For example an outgoing massless fermion with positive
helicity is denoted by (p + |, while an outgoing massless antifermion with positive
helicity is denoted by |p—). The gluon polarization vectors, of helicity +1, may be
written as

N g = |ulk=) - gt k)
ek, q) = —\/§<qk) , u(k,q) = —\/i[kq] ) (2.9)

We have used the customary short-hand notation:
(i) = (pi — Ipj+),  [13] = (pi + Ipj—)- (2.10)

In (2.9) k is the gluon momentum and ¢ an arbitrary light-like “reference momentum?”.
The dependence on the choice of ¢ drops out in gauge-invariant amplitudes. We shall
also employ the abbreviations

(i — [k +Uj—) = (k)kil+ @D,
ik = Di+pj+o o), (2.11)
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with all momenta null-vectors.

To treat the massive top quark within the framework of spinor helicity methods,
we use the extension to massive fermions [20, 26, 27, 28]. Even though helicity is
not a conserved quantum number for a massive particle, a massive positive-energy
spinor satisfying the Dirac equation has a two-fold degeneracy (e.g. labelled by a spin-
component quantized along some axis). With slight abuse of notation we label these
two states by “+” and “—”. Let p be a four-vector with p? = m? and py > 0, and let
¢ be an arbitrary null vector with ¢; > 0. We define

= —m)lg—),

(75 m) |q+). (2.12)

u(p,+) = (15+m) lg—),  vip,+) =

u(p, —) = (75+m) lg+),  vip,—) =

-3
iy

For the conjugate spinors we have

_ 1 B 1
u(p,+):\/%<q—|(1$+m), U(p,+):\/ﬁ<q—|(i§—m),

_ 1 B 1
U(P,—):\/ﬁ@ﬂLHﬁﬂLm)a U(p,—):\/ﬁ@ﬂLHﬁ—m)- (2.13)

It is easy to check that for these spinors the Dirac equations, orthogonality and com-
pleteness relations hold. The dependency on the arbitrary reference momentum ¢ drops
out in the final answer.

Given two four-vectors p and ¢, the spinor product (pq) is calculated as follows: If
p >0 and ¢, > 0,

(pq) = L (prgy —prqL) - (2.14)

vVDP+4+

Here the light-cone coordinates p, = p; +p, and p, = p, + ip, are used. For negative-
energy four-vectors we have

(pg) = —((-p)g), forp, <0,
(pg) = —(p(—q)), forg <O0. (2.15)

(
The spinor product [pg] is related to (pq) by

[pa] = sign(pigr){gp)” - (2.16)

A massive quark propagator may be expressed in terms of massless Weyl spinors
via
Zéw
—_— +p_+m), 2.17
p2—m2+ze(pJr P ) (2.17)
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where p, and p_ are of the form

P+ = ;) (Pit| + o+ [pat) (Pt
p— = [pi=)(pi—| + ot pa—) (Pn—| (2.18)

for some nullvectors py,...,p,.

For all other vertices and propagators we use standard Feynman rules, in the con-
ventions of [29], and the 't Hooft-Feynman Re-gauge with £ = 1. We neglected all
fermion masses except the top mass. As a consequence, neither diagrams containing a
Higgs boson nor diagrams with would-be Goldstone bosons contribute.

2.3 W-gluon fusion and W-associated production

In this section we present the helicity amplitudes for the process

0 —= v(p1) + U(p2) + b(ps) + b(ps) + g(ps) + d(ps) + u(pr). (2.19)

The amplitudes are calculated in tree approximation at order O(gg? ), where g denotes
the strong coupling and g,, the electroweak coupling. There are also tree diagrams of
order O(g%g?) (“QCD + Weak”) contributing to (2.19). This gauge-invariant set of
graphs does not contain a top quark as an intermediate state, and we do not consider
it.

The results for the (W-gluon fusion) processes u +¢g — v + 1+ b+ b+ d and
d+g — v+1+b+b+1u, as well as for the (W-associated) process b+g — v+I+b-+d+1,
can be obtained from those of process (2.19) by crossing, under which the crossed
momentum and helicity change sign. The color decomposition for the amplitude (2.19)
reads

Awy = gI88 A, + g0sTEAR), . (2.20)

The partial amplitudes A(Wl,)g and A(v%/)g are gauge-invariant by themselves. A%,)g cor-

responds to diagrams where the gluon couples to the b-b-fermion line, whereas A%?,)g
involves the gluon coupling to the d-u-fermion line. Representative Feynman diagrams
for the partial amplitudes A%,)g and A%Q,)g are shown in Figure 2.1 and Figure 2.2, re-

spectively. There are 21 diagrams contributing to A%,)g, 3 of them contain a top quark.
The partial amplitude A(WQ,)Q is made up of 24 diagrams, with 2 containing a top quark.

For the color matrices we have used the short-hand notation 73, = T

isja- Lhey are
normalized as

1
Tr T°T" = 55“”. (2.21)
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Figure 2.1: A representative Feynman diagram for single-top production contributing
to the partial amplitude A%,)g (2.20). The top quark line is thickened.

6 7 1
9
- 3
4

Figure 2.2: A representative Feynman diagram for single-top production contributing
to the partial amplitude A%)g (2.20). The top quark line is thickened.

We can decompose the two subamplitudes in (2.20) further according to their elec-
troweak structure:

4y % 2
1 eV, [Visll* 1 1,2
A%V)g " 2sin? gw (2 sin? Oy A%Vg) N (U:{Ug + UdZU”ZPZ(S?’%)) A%Vg)
1,3 cos Oy 1,4
+ (vgvg + vabZPZ(5345)) Ag/‘,g) + <v,’,’ ~ S szpz(3345)> A(Wg)

+ (Uz'ug + UeZUI)sz(8345)) Ag/ll/’s) + ’UVZ’UbZ,PZ(5345)A%;§)) ’

a7+ 9
A%/%/)g = 25€in2ugw <2|S|E’2’|£W A%gl) + (vgvg + vabZPZ(SM)) A%;)
* (vgy;’ + val’ZPZ(S34)) A%s) " (Ug - wvaPZ(sM)) A%;l)
sin By

+ (vd0] + ol0) Pa(sar)) AWy + oo Pa(sa) Ay ) - (2.22)

Here
s .
Pz(s) :m, e = gy sin Oy

Lo R
U} - _QJ U} - _Q
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.. 2 .
/UZ’L _ Ig - QSIH QW Z,R _ _QSIHGW

2.23
! sin Oy cos Oy Y cos Oy (2:23)

where () and I3 denote the charge and the third component of the weak isospin of the
fermion. The labels L and R denote the left- and right-handed couplings. Further, 6y,
denotes the Weinberg angle and V,,4; and V};, denote CKM-matrix elements.

Because the W-boson only couples to left-handed fermions, all non-vanishing am-
plitudes have the helicity configuration (py, p3, ps,p7). Furthermore the helicity along
the fermion line b(p3)-b(p,) is conserved. Due to their number and length we have
collected the explicit expressions for the partial helicity amplitudes A(V’f,’;) in (2.22)
in Appendix A. We have verified the correctness of these expressions by numerical
comparison with the computer code generated by Madgraph [11].

The cross section for W-gluon fusion, summed and averaged over helicities and

colors is then given by

owy = %j:/dxlfi(xl)/dngj(xg)/d%é >

helicities

% <‘A$/Il,)g‘2 + ‘A%,)gf) ©(cuts)
(2.24)

where f;(z1) and f;(x2) are the parton densities of the initial partons ¢ and j, de¢s
denotes the phase space measure for five massless particles, 25 is the flux factor, O(cuts)
represents the jet-defining cuts and A%,)g and A%)g are the amplitudes in (2.22) with
partons ¢ and j crossed into the initial state.

2.4 Flavor excitation and s-channel

The helicity amplitudes for both these processes can be obtained by crossing from

0 = v(p1) + L(p2) + b(ps) + b(ps) + d(ps) + u(pr)- (2.25)

The tree-level amplitudes correspond to order O(gi). To this order the color decom-
position of the amplitude for (2.25) is simply

Awy = 53456714%41/)1, (2.26)

since no gluons are involved. A representative Feynman diagram is shown in Figure 2.3.

There are 10 Feynman diagrams contributing to this amplitude, only one of them

contains a top quark. We write the partial amplitudes AS,),) as

41/ * 2
1 _ € Vud [[Visl| (1,1) (1,2)
Ay = 2 sin? Oy <2 sin? Oy Aws (vgvg + UdZU”ZPZ(SM)) Aw
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7 2
3
6
4

Figure 2.3: A representative Feynman diagram corresponding to the partial amplitude
AW (2.26). The top quark line is thickened.

0
-2 WUI7Z7DZ(334)> Al

13
+ (vzvg + va,,ZPZ(334)) ALY 4 (vg o

+ (vgvg + va,,ZPZ(334)) A%,’f) + U,,ZUI,ZPZ(SM)A%,’?)) : (2.27)

All helicity amplitudes have the helicities (p7,p;) and (pg,p7). Again the helicity
along the b-b-line is conserved. The explicit expressions for the A\ in (2.27) are
collected in Appendix A.

We have checked these results numerically with the computer code produced by
Madgraph [11], and found agreement. For the present process we could in addition
compare to results produced by the Comphep program [30], and found agreement as
well. With the helicity amplitudes at hand one obtains the cross section for flavor
excitation, summed and averaged over helicities and colors, as

helicities

owb = %/dmfz‘(l"l)/dxzfj(@)/d@% > ‘A%,)br@(cuts) (2.28)

with d¢, the phase space measure for 4 massless particles and ¢ and j label the partons
crossed for flavor excitation. The cross section for the s-channel process is obtained in
a similar way by crossing the appropriate partons.

There are tree diagrams of order O(g?¢2) that contribute to (2.25). As they are
a separately gauge-invariant set and do not contain a top quark they are not directly
relevant to us here. However, for this case we do present these “QCD + Weak”-
amplitudes because they may be easily obtained from the O(gl) tree amplitudes, as
follows

A = (Gt — L) L Vi (g0 40 2.29
Qep+Weak = 5 | 037064 = 034067 m( wy T Wb)7 (2.29)

where N, denotes the number of colors. In contrast to the process of the previous
section, these “QCD + Weak”-amplitudes do not interfere with the O(g?}) amplitudes.
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2.5 Narrow width approximation

By including the top quark semileptonic decay in the amplitudes for (2.6) and (2.7),
we must include as well many diagrams in which no top is present. Therefore it is
interesting to know to what extent results are approximated by producing the top
quark as an on-shell particle, whose decay happens independently from its production.

A numerical indication that the narrow top width approximation for the W-gluon,
s-channel and W-associated processes works well is already present in [16]. Here we
examine this issue both numerically and analytically for the three subprocesses (2.1),
(2.2)? and (2.3). Thus we need the helicity amplitudes for the W-gluon fusion process
without top decay

0 — t(ps) + b(ps) + g(ps) + d(ps) + u(pr). (2.30)

The amplitude may again be color-decomposed as

AWH:PTOd = ng4567AE/II/)g,prod + 9584T57A$/?/)g,prod (231)
with
A(l) _ ezvu*d‘/tb . (_2)2\/5 Bl(/[lf)g,prod
Waprod 2sin® O ser — miy V-2 - [44546+7]2—)
27/ * : (2)
2 € Vu ‘/tb (_2)2\/§ BW ,prod
A$/V)g,prod = ! ' Ll (232)

2sin’ Oy sze7 — M, \/—(2— |4+5+6+7|2—>'

As reference momentum for the massive spinor we have chosen ¢ = py. As before all
non-vanishing amplitudes have the helicity configuration (pg,p7). The non-vanishing
amplitudes are

(6—44+5+7]2—)

1 _
BI(/V)g,prod(pjlra p;ra Ps )

(65)
(EEESNEES
Bityproa i 93 1Y) —nzg.)? (<6 — |?4_5F>5|7_> + [74“?4; |i :;'5_>> :
B arod] 05.55) = e (5 = 4+ 6+ T2 ) TI76) + (24 56)).
B, proa 0t 558 = —— T (25)(67) 4] + (5602 — |5 + 6.+ T14-))

B S467 — M? @
(2.33)

3For this channel the narrow width approximation has even been examined to one loop in [8].
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_ (6—144+5+T72—)(6—[5+7]4—)
BI(/IZ/)g,prod(pz_7pg_7p8) = )

(56)(75)
B, proa0f 03 08) = m<62><<%6_> !?5 4
B, o0 05 .05) = (IChai s ?5% éé} NG+6) |7_>,
B, vrod 1,05, 0%) m[47]<2[5;] ng;]L 6I7=) (2.34)

The helicity amplitudes for flavor excitation and the s-channel process without the top
decay

0 = t(ps) + b(pa) + d(ps) + @(pr), (2.35)
are relatively simple and are given by

* . 1
€2Vud%b 21 BI(/V)b,prod

2sin G s67 — iy /(2 — |4+ 6+ 72—)

Awbproi = 084067 (2.36)

As reference momentum for the massive spinor we have again chosen ¢ = py. All
helicity amplitudes have the configuration (pg,p7). The non-vanishing amplitudes are

B proa@isp5) = [47)(6 — |4+ 7]2-),
By proa@ispd) = m(26)[74]. (2.37)

Finally, let us give the amplitude for the top decay

t(ps) = v(p1) + U(p2) + b(ps). (2.38)
With the choice ¢ = py as reference momentum for the top-spinor the only non-
vanishing amplitude is

27/ % .
e“Viy 2

BV L+32-) . (2.39)

2
2sin” Oy 512 — myy,

Adec(pl_apg_ap{;JPS_)

To implement the narrow top width approximation we keep in the amplitude only
terms with a propagator 1/(p3 — m?* 4+ im[') with T' the inclusive top width. For the
amplitude squared we obtain

. 2
(3
Aprod(---apg\)

AP = D Ageen03) —
A

ps —m? +iml
1
F— o)+

= |AdeC(---ap8_)|2 |Aprod(---ap8_)|2= (2-40)
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because, with our choice of reference momentum for the massive spinor, Age(..., ps ) =
0. In the limit of vanishing top width the Breit-Wigner function in (2.40) reduces to a
Dirac delta-function and we obtain for the squared amplitude

T _ _
ﬁ‘s(pg - m2)|Adec(...,p8 )|2|APT0d("'7p8 )|2 (2-41)

The full n-particle phase space may be factorized accordingly

1
d¢n(Q — ki, ..., kn) = §d¢n—2(Q — D8y ks s kn)dp§d¢3(p8 — ki, ko, k3)7 (2-42)

with n = 5 for the W-gluon fusion and W-associated production, and n = 4 for flavor
excitation and s-channel production. Note that

/|Adec('-'7pg)|2d¢3(p8 — ki, ko, /fs) =2mlp. (2-43)

Numerical results for the narrow top-width approximation are presented in the next
section.

2.6 Numerical studies

As announced in the introduction, we consider each subprocess separately for the pur-
poses of numerical studies. This is equivalent to assuming a hermetic detector with
perfect momentum resolution capable of distinguishing these three processes.

Before describing our numerical studies we list our default choices for physical
constants and parameters. For the masses and widths of the electroweak bosons we
use my = 91.187 GeV, ['; = 2.49 GeV, my = 80.41 GeV and I['yy = 2.06 GeV. For the
top quark mass we use m; = 174 GeV. The width of the top quark is then calculated
as [y = 1.76 GeV. We use the leading order expression for the running of the strong
coupling constant:

o) = autmg) |1+ D ] (2,41

where [y = 11 — %Nf and Ny = 5. We use the CTEQ4L set for the parton densities
[31] and we take therefore a,(my) = 0.132. The running of the finestructure constant
is taken in account according to

) = al0) 1= da(my) - 42 (P L - LU U e

3t \3 m% 15  m}

with «(0) = 1/137.036 and Aa(mz) = 0.059363 ([32, 33, 34, 35]). We consider p-p
collisions at a center of mass energy /S = 2.0 TeV (Tevatron) and p-p collisions at a
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center of mass energy v/S = 14 TeV (LHC). For the renormalization and factorization
scale we use = pp = my.

Although defining jets is not strictly necessary for a LO calculation, we use them
to avoid singularities. By requiring as many jets as there are partons in the event,
collinear and soft divergent regions are avoided. Jets are defined by the hadronic k-
algorithm [36]: we first remove the charged lepton and the neutrino from the event,
then we precluster all remaining particles and assign them to the beamjets or to the
hard scattering process. Particles which are assigned to the hard scattering process are
then clustered into jets. For the resolution variable of the hadronic kp-algorithm we
use

yij = 2min (py, pr;) (cosh(y; — y;) — cos(di — ¢;)) (2.46)

where pp; is the transverse momentum, y; the rapidity and ¢; the polar angle of particle
i.  We recombine two particles using the E-scheme. For the preclustering we use
dewt = (20 GeV)2. The clustering is done with y.,; = 0.9. We have implemented
the finite width of the W, Z-bosons and of the top quark by using the complex-mass
scheme [37] which respects full gauge invariance and which therefore gives a consistent
description of the finite-width effects in tree-level calculations. Thus, the masses myy,
my and my in the partial amplitudes are replaced according to

m — vVm?—il'm. (2.47)

As a consequence the cosine squared of the Weinberg angle also becomes a complex
number

2

cos? Oy = 1 —sin?fy = - )
my —1l'ymy

(2.48)

We give our results for single-top production only. Furthermore we concentrate most
of our studies on the Tevatron. LHC kinematics reweights the various processes among
each other, the amount of which is not so much our concern in this thesis (see [16]
e.g.).

Although we do not combine the partonic subprocesses, and rather examine them
individually, we wish to define their final state in a semi-realistic manner. Specifically,
we keep the partons apart in phase space by means of a jet algorithm (this includes in
particular, for the W-gluon channel, the beam and the b jet). However, we do assume
perfect b-tagging, and no mistagging.

The inclusion of single-antitop production will multiply the cross section by a factor
of two at the Tevatron. This is not the case at the LHC, which is a proton-proton
collider. The numerical results are for one light lepton species only, e.g. [ = et and
v = V,. The inclusion of the muon-channel multiplies every result by two.
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Tevatron Otot |m,p, — my| < 20 GeV | narrow width
W-gluon fusion | 15.0 + 0.4 fb 14.3 + 0.3 fb 14.5 £ 0.1 fb
flavor excitation 87+t 11tb 85+ 2th 87+t 11b

s-channel 46 = 1 fb 32.3+£0.31b 29.0 £ 0.2 fb

Table 2.1: Numerical results for the Tevatron at 2 TeV.

LHC Otot |m, — my| < 20 GeV | narrow width
W-gluon fusion | 4.6 £0.2 pb 4.5+ 0.4 pb 4.6 £0.1 pb
flavor excitation | 13.1 + 0.3 pb 13.0+ 0.4 pb 13.3+ 0.1 pb

s-channel 685+ 19 fb 479 + 16 tb 432 + 4 tb

Table 2.2: Numerical results for the LHC at 14 TeV.

For W-gluon fusion we require three jets, two of them b-tagged, for flavor excitation
two jets with one b-tag, whereas for the s-channel process we require two b-tagged
jets. For simplicity we assume a b-tagging efficiency of 100%, and that we know the
longitudinal momentum component of the neutrino®.

In Table 2.1 we give the numerical results for the total cross section with the
cuts described above for W-gluon fusion, flavor excitation and s-channel process at
the Tevatron (first column). In the second column we required in addition that the
invariant mass of the decay products of the top reconstruct to within 20 GeV to the top
quark mass. The third column contains the results in the narrow width approximation.
Table 2.2 shows the corresponding results for the LHC. From Table 2.1 and Table 2.2
we see that the narrow width approximation describes the cross section very well for
W-gluon fusion and flavor excitation. The approximation is less satisfactory for the
s-channel process. Here non-resonant terms seem to give a more sizeable contribution.
This can also be seen in Figure 2.4(a), which shows the distribution in the invariant
mass m,j, for W-gluon fusion and the s-channel process at the Tevatron.

In Figure 2.4(b) we show for the W-gluon fusion process at the Tevatron the distri-
bution of the pseudorapidities for the b-quark, the b-quark and the light quark q. The
distribution for the b-quark is slightly peaked in the backward region, the b-quark is al-
most central and the light quark goes dominantly in the forward region. Note that the
jet algorithm suppresses b’s at sizeable negative pseudo-rapidities. These distributions
essentially agree with Figure 7 in [39] and Figure 8 in [15].

In W-gluon fusion or flavor excitation the produced top quark is highly polarized
along the direction of the d-quark [40, 41]. Furthermore the cross section at the Teva-

‘E.g. from imposing the W mass constraint on the neutrino plus lepton invariant mass [38].
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Figure 2.4: (a) The normalized m,j distribution for W-gluon fusion (solid) and the
s-channel process (dashed) at the Tevatron. (b) The pseudo-rapidity distribution for
W-gluon fusion of the b-quark (dashed), the b-quark (solid) and the light quark q
(dot-dashed) at the Tevatron.
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Figure 2.5: The distribution for the angular correlation a for W-gluon fusion (left) and
flavor excitation (right) at the Tevatron.
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Figure 2.6: The distribution for the angular correlation a for the “QCD + Weak” back-
ground to flavor excitation at the Tevatron. We show the distribution with (dashed)
and without (solid) a cut on the invariant mass |m,y — my| < 20 GeV.

tron receives the dominant contribution from the configuration where the u-quark is
in the initial state and the d-quark in the final state, which in turn produces the non-b
tagged jet g. One considers therefore the variable

a = %(1+0059ql) (2.49)

where 6, is the angle between the non-b tagged jet and the charged lepton in the
rest frame of p, + p; + py [42]. (If a top is produced, p, + p; + p, corresponds to its
four-momentum.) For the angular correlation of a decaying top quark one has [43]

do

da
where P is the polarization of the top quark along the spin axis defined by the spectator
jet ¢. For a 100% polarized top quark one has therefore do/da ~ a. Figure 2.5 shows
that this relation is fulfilled to a very good approximation for flavor excitation. For
W-gluon fusion we obtain the polarization along the spectator jet axis from the value
at a = O:

= 0(2Pa+ (1 - P)), (2.50)

1do
P =1-—— . 2.51
odal,_, ( )
With the total cross section from Table 2.1 we find P = 77% for W-gluon fusion.
The background is expected to give a flat distribution. For flavor excitation we show
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the result for the “QCD + Weak” background (discussed below (2.28)) process in
Figure 2.6. The a dependence after imposing a cut on the invariant mass m,y, is flat,
as expected. Our result is similar to that shown in Figure 5 of [16], which shows
the same linear correlation of the signal (which is somewhat different from ours by
employing a vetoed b jet), and shows the (flat) a dependence of their more extensively
treated background as well.

We suggest that this clear correlation may provide an alternative and attractive
way to infer the visible W-gluon fusion or flavor excitation cross section (defined here
through the criteria given above) for single-top production from the slope of the dis-
tribution. The slope is given by

2 Psignal O signal +2 Pbackground Obackground - (252)

Assuming that PyckgroundObackground 1S small and that Py, may reliable be estimated
from theory the visible cross section for the signal can be inferred from the slope by
measuring two or more points of the a distribution and extrapolating the distribution
to a straight line. Although in principle of course any distribution may serve to infer the
corresponding inclusive cross section, the a distribution seems particularly attractive
due to its simple shape.

2.7 Conclusions

We have presented the complete O(gl) and O(gg.) helicity amplitudes for processes
whose final state result from the hadroproduction and semileptonic decay of a single
top.

As only a small subset of graphs actually contain a top quark line in each process, we
have examined, for three of these processes, to what extent the top quark dominates,
and verified that for each process the top quark presence is manifested by a clear
peak in the m,;, distribution. We have studied various kinematic distribution of final
state particles, and verified the correlation of the lepton angular distribution with the
top quark polarization [40, 16, 41]. The actual identification of a single-top signal is a
matter of careful definition, requiring full use of the kinematic and flavor characteristics
of the final state, and a proper determination of the acceptance and background [16,
18, 44]. In idealized analyses, we have thus verified that the sensitivity of the full
amplitudes to top quark mass, charged-current coupling strength and handedness are
preserved in these amplitudes, even though most diagrams that contribute to them do
not contain a top quark.

Now that we have completed the leading order calculation, the next step is to tackle
the next to leading order calculation. For this, we would like to use the most advanced
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method available, the dipole method [45]. We will describe this method and develop
its extension to massive particles in the next chapter.



22

Single-top production at Leading Order




Chapter 3

Massive Dipole Formalism

3.1 Introduction

Reliable theoretical predictions of hard-scattering processes in QCD require at least
the evaluation of Next to Leading Order (NLO) QCD corrections. Next to leading
order calculations have to combine virtual one-loop corrections with the real emission
contributions from unresolved partons. Treated separately, each of the two parts gives
an infrared divergent contribution. Only the sum of the virtual corrections and the
real emission contributions is infrared finite. Setting up a numerical general-purpose
NLO Monte Carlo program requires therefore the analytical cancellation of infrared
singularities before any numerical integration can be done. The two main methods to
handle this task are phase space slicing [46, 47, 48] and the subtraction method [49, 50].
For massless partons both methods are available and have been applied to a variety of
specific processes, see for example Refs. [51, 52, 53, 54, 55] and the references therein.
For electron-positron annihilation a general formulation of phase space slicing has been
given by Giele and Glover [56]. It has been extended to initial-state partons by these
authors and Kosower [57]. The extension of phase space slicing to massive partons and
identified hadrons has been given by Laenen and Keller [58].

There are two general formulations of the subtraction method. One is the residue
approach by Frixione, Kunzst and Signer [59] and the other the dipole formalism by
Catani and Seymour [45]. Both variants can handle massless partons in the final
and/or initial state. The subtraction method has already been applied to some specific
processes with massive partons [60, 61, 62, 63]. Up to now there is no extension of the
dipole formalism to massive partons. Dittmaier has considered the dipole formalism for
photon radiation from fermions [64]. In that work infrared divergences are regularized
with small masses (as it is popular in electroweak physics). However this does not allow
a simple application to QCD, where divergences are usually regularized by dimensional
regularization.
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In this chapter we extend the dipole formalism to heavy fermions. The formulae
we provide are relevant to top, bottom and charm production. With a simple change
of the color factors they can be used as well for gluino production in SUSY QCD.
Our results are not applicable for processes with identified hadrons in the final state,
massive initial-state partons and processes with different species of massive fermions
of unequal masses.

One-loop amplitudes may be calculated in different variants of dimensional regular-
ization, such as conventional dimensional regularization (CDR), the 't Hooft-Veltman
scheme (HV) or the four-dimensional scheme (FD), whereas the Born amplitudes en-
tering the real emission part and/or parton densities are given in another variant. Of
course, the final result has to be scheme-independent. The obvious way to ensure this
is to calculate everything in the same scheme. Often this is not the most economical
solution. Loop amplitudes are most easily computed in the FD scheme, whereas parton
densities are given in the conventional scheme. Within the dipole formalism it is pos-
sible to perform different parts of the calculation with different variants of dimensional
regularization and to correct for the mismatch by some universal terms [65]. We would
like to keep this freedom also in the extension to massive partons. We therefore keep
track of all scheme-dependent terms and our final results can be used with any variant
of dimensional regularization (CDR, HV or FD).

Recently, Catani, Dittmaier and Trocsanyi considered the singular behavior of one-
loop QCD and supersymmetric QCD amplitudes with massive partons in the dipole
framework [66]. As a byproduct, we confirm their results for the singular terms.

This chapter is organized as follows. In the next section we review the dipole
formalism and the factorization of QCD amplitudes in the soft and collinear limit. In
Section 3.3 we outline our calculational technique. In Section 3.4 we derive the D-
dimensional dipole phase space measure. Section 3.5 gives the dipole terms together
with the integrated counterpart if all particles are in the final state. In Section 3.6
we consider the case if there are QCD partons in the initial state. Finally, Section 3.7
contains our conclusions.

3.2 Dipole formalism and factorization in singular
limits

In this section we briefly review the dipole formalism and the factorization properties
of QCD amplitudes in the soft and collinear limit. We use the notation of Catani and
Seymour [45].

The dipole formalism is based on the subtraction method. We explain it for electron-
positron annihilation, where all QCD partons are in the final state. The NLO cross
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section is rewritten as

oNLO  — /da +/da

_ / (do™ — do*) +/ (de+/dUA) : (3.1)

In the second line an approximation term do“ has been added and subtracted. The
approximation do“ has to fulfill the following requirements:

e do” must be a proper approximation of do such as to have the same pointwise
singular behavior (in D dimensions) as do® itself. Thus, do? acts as a local
counterterm for do® and one can safely perform the limit ¢ — 0. This defines a
cross section contribution

i = [ (

n+1

— do?

6:0) . (3.2)

e Analytic integrability (in D dimensions) over the one-parton subspace leading to
soft and collinear divergences. This gives the contribution

O'gﬁo = /(dav—l—/daA) : (3.3)

n e=0

The final structure of an NLO calculation is then

VO = GNEO, 4 GNIO, (3.4)

Since both contributions on the r.h.s of eq.(3.4) are now finite, they can be evaluated
with numerical methods. The (n + 1) matrix element is approximated by a sum of
dipole terms

Y. > Dyx=
pairs t,7 k#£i,j

:ZZ_

pairs i,j k#£t,j 2p1 pJ

~ ~  Tp-T,

1., (i), s Ky o] T bl VA O (7 O T

(3.5)

where the emitter parton is denoted by 7j and the spectator by k. Here T; denotes
the color charge operator [45] for parton i and Vj;; is a matrix in the helicity space
of the emitter with the correct soft and collinear behavior. |1,...,(ij),...,k,...) is a
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vector in color- and helicity space. By subtracting from the real emission part the fake
contribution we obtain

dO’R — dO’A = d¢n+1 [|M(p17 "'7pn+1)|2970£:1(p1’ ""pn+1)

Z Z Dij,k(pla "'7pn+1)07c7,m(p17 "'7ﬁij7 ---;ﬁk; "'7pn+1)
pairs 1,5 k#£i,j

(3.6)

Both dof and do# are integrated over the same (n + 1) parton phase space, but it
should be noted that do® is proportional to 6ct,, whereas do* is proportional to ¢ut,
Here 65! denotes the jet-defining function for n-partons.

The subtraction term can be integrated over the one-parton phase space to yield
the term

I®d0’B = /dO’A_ Z Z /dq/)dzpole 17,k (37)
1

pairs 1,5 k#£i,j

The universal factor I still contains color correlations, but does not depend on the
unresolved parton j. The term I® do® lives on the phase space of the n-parton config-
uration and has the appropriate singularity structure to cancel the infrared divergences
coming from the one-loop amplitude. Therefore

doV +1® do® (3.8)

is infrared finite and can easily be integrated by Monte Carlo methods. The explicit
forms of the dipole terms D;; ;, together with the integrated counterparts, can be found
in Ref. [45] for the massless case.

In order to extend the dipole formalism to massive fermions, we have to provide
three ingredients. First, we need the correct subtraction terms for the real emission con-
tribution. Second, we have to integrate these subtraction terms over the dipole phase
space. The integrated terms are combined with the virtual corrections. Third, we have
to specify a mapping of the momenta, which relates the (n + 1)-parton configuration
PlyeesDise--sDjse--Dhs---Pnt1 to the n-parton configuration pi, ...,Pij,...,Dk,--Pr1-

In order to find appropriate dipole terms, one considers the soft and collinear limits
of the matrix element. In the soft limit where the momentum of parton j becomes soft,
the m + 1-parton matrix element behaves as

(1, om+ 11, ,om+1) = —drp®a,(1, ..., m|I*T 1, ..., m) (3.9)

with

2pipx
IHI L, m) = (25— PP pop, g
' ( #Zk Coipy) 2pipe) Z
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2pipy, m? >
= 4 - : TTkl,,m
#Zk <(2pipj)(2p¢pj +2pipr)  (2pipy)?) | )
(3.10)
We used
2pipx, B 2pipy 2pipy
= + (3.11)
(2pip;) (2p;pk) (2pip;) (2pipj + 2pipk)  (2pipk) (20ip5 + 2D5D)
and color conservation
STy, .om) = 0. (3.12)
i

The color charge operators T; for a quark, gluon and antiquark in the final state are
quark :  (...qi|T]-q5-00),
gluon @ (L..g%..[if®]...¢"..),
antiquark :  (..Gi...| (=T5) |-..q...)- (3.13)

If the particles are massless, there is also a singularity in the collinear limit. For
final-state partons the momenta are parameterized as

R k2 n
pi = Zp_'_kL_TJ_—a
Z 2pn
k2 n
= (1=3p—k, — ——. 3.14
b= =Dk g (314

Here n is a massless four-vector and the transverse component k, satisfies 2pk, =
2nk,; = 0. The collinear limit occurs for £ — 0. In this limit the matrix element

behaves as
2 .
(1,...,m+11,...m+1) = drp*al,.., m|——Puj (2, k1, e)[1,...,m).
2pip;
(3.15)
The splitting functions are given by
. 2z
<S|PQQ(Z7 kL76)|S,> = 685’CF |:1 . + (1 - p&f)(l - Z):| )
. 2(1 —
(s|Pyg(z,k1,)|s") = 059Chp l% +(1- ps)zl ,
® v kiki
(U|Pyg(z, k1, e)lv) = Tr|—g" +42(1 — 2) 2|
1
z 11—z K kY

(Pl = 20 |- (4 ) 20— (1 - 2)

kL
(3.16)

—Z Z
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We introduced the parameter p, which specifies the variant of dimensional regulariza-
tion: p =1 for the CDR/HV schemes and p = 0 for the FD scheme. Later on we will
chose the dipole terms to have the same soft and collinear behavior as the appropriate
limit of the (n + 1)-parton matrix element.

If the emitting particle is in the initial state the collinear limit is defined as

Pa = D,
kK n
= (1= ko — L
Di ( 37)p+ 1 1—x2pn’
k2 n
v = —k L 3.17
Pai L 1—x2pn (3:17)

The color charge operators for a quark, gluon and antiquark in the initial state are

quark @ (...G...| (—T]“Z) | i),
gluon :  (..g%..|[if®]..g"..),
antiquark : (..g;...|T35]...q5..)- (3.18)

We denoted in the amplitude an incoming quark as an outgoing antiquark and vice
Versa.

3.3 Calculational technique for the integration
The integration of the dipole terms over the dipole phase space is highly non-trivial.

We first find a suitable parameterization of the phase space such that all integrals are
of one of the following types:

/d.T.I‘a 1(1 x)cfafl — F(a)ll:((cc)_ a),
/dmc“ YA =) 1 —zez) ™ = F(G)II:((;_ a)gFl(a, b; ¢, zp),
/dm:“ A=) (1 —22) (1 —22) ™™ = F(a)g((;— %) Fi(a,by,by;c; 21, x9).

(3.19)

These integrals yield the Euler-Beta function, the hypergeometric function and the first
Appell function, respectively. The last two are then rewritten as a Taylor series in x
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or x; and x9, respectively.

o Fi(a,b;c,xy) = i%—

i i (a’)m1+m2(b1)m1 (b2)m2 x;nl xglz (320)

Fi(a,by,by;c;2,29) = o
m1=0m2=0 (C)m1 +m2 my. mao.

Here (a), = I'(a + n)/I'(a) denotes the Pochhammer symbol. Taylor expansion allows
us to perform the next integral, which is of the same type as above. After all integrals
have been performed, we end up with multiple sums involving ['-functions depending
on ¢ = (4 — D)/2. These I'-functions are then expanded according to

L(n+e)
L(n)l(e)
= £ (]_ + EZl(TL - ].) + €2Z11(TL - ].) + €3Z111(TL - ].) + ...+ 5”*1211,"1(n - 1)) 5
(3.21)
where Z;.1(n) are Euler-Zagier sums defined by
L 1 1 1

mp
i1 >02>.. >0 >0 by 12 U
Rearranging summation indices we recognize that all sums fall in the class of Gon-
charov’s multiple polylogarithms [67, 68]
00 i1 .02 ik
. AR S
Lim, ...momi (Tky ooy T2, 1) = > T Ty T (3.23)
11 >02>.. >0 >0 by 2 "

In the case with only one massive parton it is actually sufficient to restrict oneself to
harmonic polylogarithms [69, 70], defined by

> | 1
Hus .o () = > L i Ty (3.24)
i1>02>... >0 >0 (A (22

The additional dipole corresponding to gluon emission from a massive quark-antiquark
system can be expressed in terms of two-dimensional harmonic polylogarithms [71].

3.4 Dipole phase space measure in D dimensions

In this section we derive the appropriate phase space measure for the dipoles with mas-
sive particles. Since singularities are regulated by dimensional regularization, this has



30 Massive Dipole Formalism

to be done in D dimensions. The phase space measure for n particles in D dimensions
is given by [72]

A6n(P — prs o) — (27) DaD( 3 )H (05 — m?)
=1 z:l
n n dD 1
= (2m)PsP ( z_: ) 1;[1 ) 12E (3.25)
with
E; = (@) +m2. (3.26)

The phase space measure factorizes according to

1
don(P = p1,...;pn) = %d(ﬁn—j%—l(P — Q,pjt1, ---,Pn)dQ2d¢j(Q — D1, ---,pj)-
(3.27)

3.4.1 Phase space measure with no initial-state particles

We first evaluate the two particle phase space

I d? lng dP =1 py DD ~ ~
/d¢2(P_>pij,pk) = /(27T)D 12Ezj (27T)D712Ek (271-) 0 (P_pij_pk)
(3.28)

in the rest frame of P, e.g. P = (v/P2,0). We obtain
/d¢2(P_>15z’j715k)

— (27)*P (%)D_l (PQ)I—D/Q <\/(P2 _ mZZj — m%)2 4m? mk> _3/d901,

(3.29)

where Qp ;| parameterizes the solid angle of the (D — 1) spatial components of py in
(D — 1) (spatial) dimensions. With this convention we have

2 D/2
/ W = Tpmy (3.30)

We then evaluate the three particle phase space

/d¢3(P — pi,pj;pk)

delpi delpj delpk

- / (2m)P-12E; (2m)P~12E; (2m) P~ 12E;

(2m)P6P (P — pi —pj — ) (3.31)
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in the rest frame of P, e.g. P = (v/P2,0). We shall orient our frame such that
the solid angle of the spatial components of p, coincides with the solid angle of the
spatial components of py in (3.28). It will be convenient to parameterize the spatial

components of p; with spherical coordinates, using py as polar axis, e.g
d°p; = 5P d|5;| dby sinP 3 0,408 . (3.32)
We therefore have
2pipe = 2|pil |pr| cos b;. (3.33)

Finally we obtain the three-particle phase space as the product of a two-particle phase
space and a dipole phase space:

/d¢3(P — DiDjDk) = /d¢2(P —>ﬁij,ﬁk)d%ipoze(?pipj,QPij;QPiPk,Q%lz);

(3.34)
where
2=l ] 2 P
APdipole(2DiD;> 2D;Pr> 2DiDk) = (27)113@1 <(P2 —mg = mi) - 4m3m%>
2
/d(QPin)d(ijpk)d(2pz‘pk)5 (P2 —mi —m} —mi — 2pip; — 2p;pr — 2pipk)
% — — —

Note that we already performed the angular integration over dQ%)_Q. The triangle
function A is defined by

x,Y,2) = x°+y + 2" —2xy — 2yz — 2z. .
A 2 2 2 _9 9 9 336
We further have

. 1 2

i) = 1P (P2 +m? —mi — m? - 2pjpk) —mZ,

. 1 2

=12 1 2 2 2 2 2 2

|pj| = 1p? (P —my —my +m; — 2pz’pk) —m; (3.37)

so that
_PQ)‘ (|ﬁ1|27 |ﬁ7’|27 |ﬁk|2)

= 2pipk2pipi 2k — My (2p5p)° — mi (2pip;)? — M3 (2pipe)” + Amymim.
(3.38)
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To find a suitable parametrization of the dipole phase space, we treat the various cases
separately. We consider first the case where two particles are massless m; = m; = 0.
With D = 4 — 2¢ the dipole phase space becomes

4 e—2 e o
dq/)dipole - % (P2)1 (u0)2 ?

1 1
-/duu1_25(1 — )7 (1 - uou)fl%/dvv_g(l —v)7%,  (3.39)
0 0

where
w — P?—m?
0o — T?
u - 2pipj +2pipe  _ 2pipj + 2pipk
2pipr. + 2pipj + 2pipk P?—mi
2pipj (2pipe +mi)  2pip; (2pipe + m§)

(3.40)

2pipk (20ipj + 2p5p)  2pipk (P2 —m3 — 2pipy)”

In the case where one mass vanishes (m; = 0) and the other two are equal (m; = my =
m) we obtain

(4m)2

d¢dipole m

(PZ) 1-e (7"0)2_25 92e—1

1

1
-/drrl’k(l — )2 (L — )2 / ds (1 — 82)_8, (3.41)
0

-1

with
rp = 1— 4;2—2,
2pip; = %PQTOT (1 -5 7“;(%;0:)) ,
2ppe = %PQTOT (1 + s 7“;(%;0:)) : (3.42)

3.4.2 Phase space involving initial state particles

If initial state particles are involved, we obtain the following convolution:

1
Ab(pat+ps = K+pi+p) = [ dedp(Butpo — K +5)dbspoe (343)
0
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with
Pa = TPqg- (3.44)
In the case m, = m; = 0 we obtain
()2 N1 1 1 1-2 1 /
d¢dipole - ﬁ (—P ) Z‘Si T +E(l — .Z') B 5(1 — Z‘Q‘T)i +gb/dww€(1 — w)ig
(3.45)
with P = px + p; — p, and
—p?
Tog = 7,"7% — P27
I 2papi + 2paDk — 2piDk

2papi + 2papk

2papi (2p; f
w = 2PaPi (2pipy + my) (3.46)

2pipk (2Papi + 2Palk)

Eq. (3.43) and eq. (3.45) are derived as follows: From the factorization of phase space
we have

1
dp(pa+po — K +pr +pi) = %dd)(pa +py = K + Q)dmdd(Q — pi + ).
(3.47)

We then derive
dp(pa +po — K+ Q) = xddp(pa +pp — K + Pr). (3.48)

This equation can be obtained by writing out the explicit expressions for the phase
space measures in the rest frame of p, + p, and p, + py, respectively. These two frames
are related by a boost. Further, since p, = xp,, the boost does not affect the transverse
components. Next, one writes out the parameterization for d¢(Q) — p; + px) in terms
of solid angles of particle py, singles out one angle 6, = /(pg,p,) and replaces the
integrations over dméd cos 6, by integrations over dxdw.

3.5 Dipole terms with no initial-state partons

In this section we give the dipole factors corresponding to the case where all relevant
partons are in the final state. Initial-state partons are considered in the next section.
We distinguish the cases of (i) a massless emitter and massive spectator, (ii) a massive
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emitter and a massless spectator and (iii) a massive emitter and a massive spectator
of equal mass. We follow closely the notation of Catani and Seymour [45].

The generic form of the dipole terms is given by
1 Ty - Ty
2p; - pj T3,

Viskl Ly ooy (87), oo iy o). (3.49)

Dijk (1, .y (i) s Ky |

The explicit forms of the functions Vj;, are given below.

3.5.1 Massless final emitter, massive final spectator

We consider first the case of massless emitter (particle i) and a massive spectator
(particle k), both in the final state. The variables y and z of Catani and Seymour are
given by

201 I
y = PiD;j : Y= PiPk (3‘50)
2pipj + 2pipk + 2piDk 2pipr + 2p;pr
and related to the variables v and v as follows:
1 _ 2
= uoviu( u)) up =1— T 5
1 —wuou (pi +pj + D)
2(1—y) = 1—u. (3.51)
In the collinear limit eq.(3.14) we have
y—0, z2—=2 (3.52)
and in the soft limit p; — 0
y—0, z—1. (3.53)

In addition, the subtraction term for the splitting ¢ — ¢gg has to match the soft limit
p; — 0, corresponding to y — 0, z — 0.
As subtraction terms we use

2z(1—y)
1-2(1-y)

S
1= 2(1—y) 1—(1—z><1—y>>

S‘“’] , (3.54)

($Viaals) = SriFasCrdsy [ (= pe)(l—o(1 = y))] ,

<lu’|‘/¢h'q;'7k|l/> = 87T:u25asTR [_guy -

UlVigul?) = 16Ta%asCa [—gw(

2

+(1 — pe) T
iDj
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where the spin correlation tensor is given by
S*o= (e =yt — (L= 2(1 = »))pj)(2(1 = y)p} — (1 = 2(L = y))pj). (3.55)
The momenta are mapped as follows:

pi = ap;+ bp; + cpy,

ﬁk = (l—a)pi+(1—b)pj+(1—c)pk, (356)
with
= el u(l —u) — N
= (2u —1—y(l —u))?up + 4u(l — u)y <2 (1=w) 1—2))7
b = %{u—l—ﬁ[—2yu—u0((1—2u—u2)y+1—3u+2u2)]},
1 C 2 2 2
a = N{l—u—%[2y(1—u)—u0((1—u)y +(1—u+u)y+u—2u)]},
N = u*+(1—u)?+(1-u)y. (3.57)

This mapping satisfies momentum conservation

Pi+Pe = pitpj+pr (3.58)
and the on-shell conditions
p; =0, B =mj. (3.59)
In the limit y — 0 we have
;ig%ﬁi = pi + ;) glllg(l)ﬁk = Dk (3.60)
In addition we have
Swp; = 0, (3.61)

e.g. p; is orthogonal to the spin correlation tensor. The integral over the spin correlation
can be written as

_2 v ~lb ~ ~lL ~U ~b ~p ~[b ~V 14
/ dd"””“ewsu = Coupl'P! + Coapip} + Cos (BB + PiDY) + Coag™.
'y
(3.62)

Using S,,,p¢ = 0 and p? = 0 this reduces to

Corplpy — Coy <—9W +2 —
2DiDk
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Due to gauge invariance only the term —Cyy(—g¢*) will give a non-vanishing contribu-
tion. Cyy is obtained by contracting with g,,:

-2

24 l—ps ¢dpl p)qu (3.64)
Integration of the subtraction terms yields:
1 as 1 drptP? \°
tig], /d¢d1pole pzp ‘/ng] ,k %1—‘(1 . 6) ((P2 . m%)2> ng (U’OJ 6)7
qu (U’OJ 5)

IR
= Cplsy /du/dvu_%(l — )" (1 — upu) v~ (1 —v)7E
0

{21—Tu + (1 — pe)u}

I'(—e)[(1—¢) I'(—2e)
= Opdyy (2 —2¢) |22 L F\(—2, —25;2 — de:
Crdss = —omy 12— 2) |2 gpfile —252 —dss )
I'(1-—2¢
+(1 - P@ﬁzﬂ(—& 223 - 45;“0)]
B 1 3 17 1 5., 1 1(1—u)(l—3u)
= CFéssll§+%+z+§p—éﬂ +2—u0+§ U(Q) ln(l—uo)
+2Lis (u)] + O(e),
1 as 1 drptP? \°
Vaah = /d%”’de PiD; Vaiay b = 2r (1 —¢) ((P2 —mi)2> Vaulvo: ).
qu(U,o,g)

w/]
2pip;

1 1
— /du/dUU_QE(l _ u)—2s(1 _ uou)sv—l—s(l _ U)—ETR [_guu -
0 0

= Tr(—g"")

D(=2)P(1 —¢) lf(l - 26)22171(—6, 1— 2,2 — 4e, ug)

I'(1—2¢) ['(2—4¢)
2 (2 2)?
1 —pe T(4—4e)

oF1(—£,2 — 2,4 — 4e, uo)] + gauge terms

2 13 1 2(1—up)
= To(—gtvy |2 22 = z
R(g)l?)a 6 "33 a

1(1—u
)
3 ug

(ng — up + 2) In(1 — uo)] + gauge terms + O(e),

1 as 1 drptP? \°
Vgigj,k - /d¢d1pole pp ‘/glgjyk %F(l _5) ((P2 _ 2)2) Vgg(U'Oag)a

my
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ng(u()’ 5)

IR
= 2CA/du/dvu_25(1 — )" (1 — wpu) v (1 —v)E

.[—guu(l;“ﬂLlﬁu_(1ﬁu)(1_u£2}1_v))>+(1—p5)

[(—e)[(1—¢) [F(—Qa)F(Q — 2¢)

sm
2pip; ]

= 20a(=¢")

(ZFl(—E, —25, 2 — 45,7,60)

I'(1—2¢) ['(2 —4¢)
['(2 —2¢)?
o B (=2, 2 — 22,2 — de, ug)) + ﬁzﬂ(—s, 2 9e,4— de, uo)]

['(1—¢e)'(—2e¢)
(=)
X In+1—¢) T(m+n+2—-2)(m )n+m
7;);0 'n+2—-2)I'(m+n+2—-4¢) m!
1 111 5, 67 (1—u0)

— O a(—g) | 22
A(g)[52+65 6" 12 3

—% ((1 ;;0) (2 —u) + 11 a ;0“°)> In(1 — uo)]
+ gauge terms + O(g). (3.65)

+2C4(=¢"")(—uo)

+ gauge terms

+ 2 le(Uo)

3.5.2 Massive final emitter, massless final spectator

We now consider the case of a massive emitter (particle k) and a massless spectator
(particle 7). It is sufficient to consider the case where a heavy quark (or antiquark)
emits a gluon. We now have

2p; 2p;
2pip; + 2p;pk + 2pipk 2pipr + 2pip;
and
1 — 2
yzu(l—wzo, up =1~ T 5
1L —ugu (pi +pj + pr)
z2(1—y) = 1—u. (3.67)
The momenta are mapped as follows:
. . _ Yy
emitter : Pk =P +Pj — —Di,
l—y
N 1
spectator :  p; = —p;. (3.68)

I—y
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Since there is no collinear singularity, we just have to match the part of the soft
singularity which corresponds to this dipole factor:

22(1 —y) 1 —up\ 1
Vigiils) = 8mpu*a,Cri,y ——2<7)— . 3.69
(Vaals) = SrutanCroue | 20D a (1) 1 (s00)
With
up(l — u)
= — 7 3.70
vo 1 — upu ( )

we obtain for the integral over the dipole phase space

1 a, 1 4rp?P? \°
i = d ioe—v it = o _ S )
V‘Ikg]: / ¢dp l 2p]pk dk9j» 27TF(1 _ 5) ((P2 o mk)2> VQQ(UO 6)
(3.71)

11
Vog(up,e) = Crogg - 2/du/dvu‘25—1(1 —u) 7 (1 — wgu)*t
0

v (1= 0) (1= vov) " [uo(1 = u) = (1= ug)(1 — vov) ']

X I'(m—2)(n+m+1—¢)
= Cpbsy - 2I(1 —
' VLT Thmi B
n+m

( n+2—2¢

Uy
_ 1)(1 —
n+m+2—46u0 (n +1)( uo)) m!

= Cpbuy {1 (1+1n(1 — ug)) + 4 + In(1 — ug) — 4Li(ug) — %1112(1 - uo)}
+0(e). (3.72)

Here we used

oo 21—1

uél 1 _ J
Z Z = Lll,l(]_, Uo) = HH(U,()) = —In (]_ — Uo),
11=212=1 7'1 22 2

oo 21—1

> ult—= = Lig(l,ug) = 1 o In(1 — ). (3.73)

11=212=1 — Up

3.5.3 Massive final emitter and massive final spectator of equal
mass

We now consider the case of a massive emitter (particle i) and a massive spectator
(particle k) of equal mass (m; = my = m). It is sufficient to consider the case where
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a heavy quark (or antiquark) emits a gluon. Since there is no collinear singularity, we
just have to match the part of the soft singularity which corresponds to this dipole

factor:
<8|‘/;Iigj;k SI>
8t 0,Cpduy (2pip; + 2pipe + 2pipe)® — @m2)* [, 2ppi -, M’
i (2pipe)? — (2m?)? 2pip; + 2pipe - 2pipj
1 1—
= 8ru*a,Cpisy 21 —ror) — (1 — o) — = 1o ]
ror\/(l —7)(1 —ror) S0
(3.74)
where
- 2pipj + 2p;px
2pip; + 2p;pr + 2pipr — 2m?’
s - _12pipi —2pip
S0 2pip; + 2p;pk’
1-— 4m?
So M, ro=1-— m 5 (3.75)
L —ror (pi +pj + Di)

The singularity occurs for » — 0. In this limit, the expression in the square root tends
to 1. The inclusion of the square root term facilitates the analytic integration of the
dipole term. The momenta are mapped as follows:

~ 1 o Yo )
T —P - - _P )
p 9 yg—(l—r0)<p’“ 9
_ 1 o Yo )
- p+ " (,_Pp 3.76
Pe = 3+ yg—(1—r0)<p’“ 2 ) (8.76)

with P = p; + p; + py and

2pipk, + 2pjpr + 2m?

= (3.77)

Yo

This mapping satisfies the on-shell conditions p? = p7 = m?. In the soft limit y tends
to 1 and the correct asymptotic behavior of the mapping is easily verified. Integration
yields:

1 Qs 1 A7 p?
Vl]igj,k - /d¢dipole < K

s 9 T 2 T —2) \ P2 > Voo(re.),  (3.78)
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L 1
Vago(ro,e) = 7"0728228/d7“7"72671(1 —7) (1 —rer) ! / ds(1 —s*) ¢
0 21

Crpdsy [(2(1 —ror) = (1= 19)) (1 = 508) " = (1= 7o) (1 = s05) 7]

oo 0 o

— CFéss 226 72622 Z ( 1)]) r§+j/2

T(1+i +j)P(2 - ;) F](z +e)D(k+7/2)0(k —2e)0(1+ /2 —¢€)
T2+i+j—¢) D)6l TG/2T(k+4/2+1 - 3¢)k!

[2_(1—r0)(2+y) +2kl

1 11 14/
= CFéss’{_< +T01 + r0>—21nr0
9

2 e 1 n
() e ()
BEa

2. /fo (LiZ (v/ro) = Liz (=/70) + 2 Lis (1 +2\/%>

) () (52

1 11—/
+Liy — Li 1o
1+\/7"0 1+\/7"0
1+ ./ \/ 1
_2lnroln< + r0>+ln21n "o + —In%2

L —/ro L+ro 2
+In(1 — /ro) In <1 inf) + %an(l + /o) — %an(l — m))}

Here we used

OOle

Z Z $—1$—2 =Li 1(372,«’131)

11=2192=1 Zl 22

= In(l —21)In(1 — 2,) + Liy <_1 - ) ~ L (_M>

— T 1—.%'2

) . l1—uz

= 73 In* (1 — 125) 4+ In (w21 — 21)) In(1 — 2125) — Lip <1—7$1;2>
+Liy (1 — x3),

oo d1—1

T
>y “. = Liyo(z2,21) = -1 L In(1 — z12),

11=219=1 _.Tl
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oo 41—1 i1 1

>y x—1$§2 = Lig 1 (22, 21) = 1

i1=2ip=1 U1

X2

In(l — ). (3.80)

In(1 — —
o n(l — xyxs) —

3.6 Dipole terms with initial-state partons

In this section we consider initial-state partons. We distinguish the cases of (i) a
massless emitter in the initial state and massive spectator in the final state, (ii) a
massive emitter in the final state and a massless spectator in the initial state. The
generic form of the dipole terms for case (i) is given by

ai 1 1 -, 7 Ty - Ty ai ~. b
Dy = —2pa.pig(l,...,(az),...,k,...| e VE#IL, .. (ad), 0k, ). (3.81)
In case (ii) we have
1 1 ~ T, Ty - -
Dy, = — —(1, .., (ki) ... a, .| ——VL, ..., (ki), ..., @, ). (3.82
ki 2pi'pk37< ’ 7( 7’)7 ) @y | T%z kz| ) 7( Z), ) @y > ( )

The explicit forms of the functions V% and V& are given below.

3.6.1 Massless initial emitter, massive final spectator

We now consider the case of a massless emitter (particle a) in the initial state and a
massive spectator (particle k) in the final state. The variables u and x of Catani and
Seymour are given by

_ 2piPa _ 2piPa + 2PkPa — 2pipk
U=-— = . (3.83)
2piPa + 2PkPa 2piPa + 2PkPa
The variables v and w are related by
l—z mi
u = w, x9g=1-— . 3.84
I —zox ° mi — (pr + i — Pa)? (3.84)

As subtraction terms we use

. 2

<8|quagz 3/> — 871—“25045017‘655/ {m — (1 + l‘) — pE(l — J/‘):| ,
9ali | ./ _ 2¢e
- s+ RUss - - - )

(s|V]*%s") 8 asTrésy [1 — pe — 22(1 — z)]

_ 1— 1—
<M|‘/k¢1ath|y> — 87T/L260450F [_guux+4( -T) T( 7") Suu] 7

T 2piq

(ulVilv) = 16mp*a,Ca {—QW <m —1+a(1 - $)>

101 pey - 2) T(;p?qr) S‘“’] , (3.85)
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with

1 1 1 1
g _ <_H__“)<—‘.’— ”). 3.86
= ") (o (3.86)

Here ¢ is an arbitrary null vector not equal to p; and

2pipa

R (3.87)
2piPa + 2qpa
The momenta are mapped as follows:
ﬁa = TP,
P = prt+pi—(1—2)pa (3.88)
This mapping satisfies momentum conservation
Pk —Pa = Dk+Di— Da, (3.89)
and the on-shell conditions
Pa=0, B =mj. (3.90)
The desired asymptotic behavior
lim p, = xpe,  limpy, = py (3.91)
is fulfilled. In addition we have
Swb, = 0, (3.92)

e.g. P, is orthogonal to the spin correlation tensor. We start with the integration of
Vd«9% We obtain

. 1 o« 1 47t i
Vi = [ dbupoe Vi =2
k Ddipol k 2r (1 —¢) (mi—PZ

qu
2ipa ) (02),
qu (37, Zo, 6)

1
= 2°(1 —2) *(1 — 22)° / dww < M1 —w) ®
0

2
l—z+4+u

Crdy { (4 a) - pe(1— a:)]
I(—e)T(1 — &)

['(1 - 2e)
—7> (L 4a) - pe(1— x)) . (3.93)

— Lo

= Cpbeer® (1 —x)7%(1 — z92)°

2
( 2F1 <1,—6,1 —25,
l1—w



3.6 Dipole terms with initial-state partons 43

V9 is a distribution in x. In order to obtain expressions which are integrable at z =1
we rewrite

1

(l—2) 1 = (1—2)*Y +6(1-2) / dy(1—y) =1, (3.94)
0
where
_o\—2e—1 _ 1 _ In(1 —x) 2
(1—z) L = T, ++0(a). (3.95)

In order to expand the hypergeometric function we use the analytical continuation
formula [73]

oFi(a,b;¢;—x) = ()¢ %gﬂ <a, l+a—c¢l+a—0b; —%>
+(z)" ?EZ))I;((Z : z;zFl (b, l+b—c;14b—a; _§> ,
|argz| < m. (3.96)
We obtain
V¥ (x, xg, )
1 2
ity SYER Y S

1 1 2
+5(1 — 37) <6_2 + gln(2 — 370) + % + 2111(1 — .Z‘Q) 111(2 - 370) + 2 Lig(l‘o — 1)

_%1112(2_950)) ~ 9 (n + In(2 — 247)) <1ix +> 44 % )
+(1+4+2) (Inz —2In(1 — z) + In(1 — zx))] + O(e). (3.97)

For the integration of the other dipole terms we proceed in a similar way and we obtain

. 1 n(9) guq _ s 1 dmp® \*
Vgalh — /d inole Vga‘h — ng , , ,
¢ Paipl 2pipa ns(g) 2r (1 —¢) \m2 — P? (z, %0.€)

ng(l‘, Zo, 8)

1 —pe—2z(1 —x)
1—pe

1
= (1 —x2) *(1 - xox)g/dww’g’l(l —w) “Trésy
0

[(—e)I(1—¢e)1—pe —22(1 — 2)
I'(1—2¢) 1—pe

= Tpbeea®(1 —2)7%(1 — zow)°
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= Trlsys [—é (a?2 + (1 — x)2) +2pz(1 —x)

_ (3;2 +(1— 3:)2) (Inz —2In(1 —z) +In(1 — 33037))]
+0(e), (3.98)

1 ns(g) a1 drp® \°
V(Iaqz — /d ivole V3l — 5 V1 , L0, €),
Daipor 2pipa 1s(q) k 21 T(1 —¢) (m% — P2 (2,70, )

VY (z, x0,€)

= 2°(1 —2)"*(1— xox)E/dww_g_l(l —w)~*

Cr l Y ;m(;pzq )SW] (1—pe)
= O o) P G 1= ) (L o)
<x—|— 1_2p61;$> (1 —pe)

+gauge terms
N 1 1-
= CF(—g“)[ <x+2—>+px—<x+2
£ T x
+In(1 — zpx))]
+gauge terms + O(e), (3.99)
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A[ 9\ T 74 +x—a%) +2(1— pe) - opd
. I['(—e)(1 —¢)
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1 1-
+<g+lnx—2ln(1—x)+ln(1—x0x)> (1—37—1—3:2— 33)

X
+0(1 — x) i+7T—2+iln(2— )+ In(1 — z) In(2 — xp) + Liz(xg — 1)
P22 T12 e o o o)
1
-1 In*(2 — x0)>] + gauge terms + O(e). (3.100)

Here ng(q) = 2 denotes the polarizations of a fermion and ns(g) = 2(1 — pe) denotes
the polarizations of a gluon. Note that the dependence on the momentum ¢ in V%
and V{*% dropped out after integration.

3.6.2 Massive final emitter, massless initial spectator

We now consider the case of a massive emitter (particle k) in the final state and a
massless spectator (particle a) in the initial state. It is sufficient to consider the case
where a heavy quark (or antiquark) emits a gluon. The variables z and z of Catani
and Seymour are given by

B 2ppa _ 2pipa + 2pkDa — 2piDk
=—/ 7= . (3.101)
2piPa + 2PkPa 2piPa + 2PkPa
The variables z and w are related by
1— 2
po= 1 — T py=1-— "k . (3.102)
1 —aox mj, — (Pk + Pi — Pa)

Since there is no collinear singularity, we just have to match the part of the soft
singularity which corresponds to this dipole factor:

($IVituls) = Smi¥anCri |1 +2(1 2= w) 131 (3.103)
We use the same mapping for the momenta as in the previous section:
Pa = ZPa,
P = pk+pi— (1 —2)p,. (3.104)
This mapping fulfills the asymptotic behavior
o @ =1 M e =pre e lim P = pa. (3:105)

Integration yields

1 ay, 1 drp® \©
nggi = /d(ﬁdipolezp—ipk‘/;ligi = %F(l — 5) (m% — P2> VQQ(QT,.IQ,zf),
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VQQ(.I,QT(),&)

1
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0
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B T —e)?
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1 1
+5 0¥ (1 = 2) + 5 1n%(2 = 2) — 2In(1 = ) In(2 = 20) — 2 Lip( - 1))
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1—zgx 1—2x

+0(e). (3.106)

3.7 Conclusions

In this chapter we have extended the dipole formalism to processes involving heavy
fermions. We gave the explicit subtraction terms, together with a mapping of the
momenta from the (n + 1)-parton configuration to the n-parton configuration. We
evaluated the integrals of the subtraction terms over the dipole phase space to order
O(g%). These ingredients are sufficient to set up numerical NLO programs based on
the dipole formalism for processes involving heavy fermions. This we will now do in
the next chapter for single-top production.



Chapter 4

Next to Leading Order

4.1 Introduction

In this chapter we present and discuss new calculations of single-top-quark production
at Next to Leading Order (NLO) in QCD. Earlier calculations of the NLO single-top-
quark production cross sections exist in the literature. The first calculation [74] was for
the double differential cross section and used small masses for the gluons and quarks to
regularize infrared and collinear divergences. Mass factorization was performed in the
Deep Inelastic Scattering (DIS) scheme. Subsequent NLO calculations for the s-channel
[75, 76] and t-channel [77, 78] modes used dimensional regularization and expressed
the semi-inclusive cross section in terms of the Modified Minimal Subtraction (MS)
factorization scheme. The value of our work is that the results are fully differential
(meaning experimental cuts and jet finders can be applied), the results contain spin
information, and the results use standard methods and schemes. The calculational
methods used are an instructive step toward the computation of NLO corrections to
the tbj production channel that should also be considered when studying single-top-
quark production.

The NLO cross section receives contributions from virtual corrections and real emis-
sion diagrams. Taken separately, both parts are divergent and therefore cannot be eval-
uated in a straightforward way numerically on a computer. Only the sum of the virtual
corrections and the real emission contributions is finite after mass factorization. Writ-
ing a general-purpose NLO Monte Carlo based program therefore requires the analytic
cancellation of singularities before any numerical integration can be performed.

The two main general methods to handle the cancellation of singularities without
loss of information are the phase space slicing [46, 48, 79, 51, 56, 57, 58, 52] and the
subtraction [49, 50, 55, 60, 59, 45, 5, 80] methods. In this chapter we implement
the phase space slicing method of one [58] and two [52] cutoffs, and the subtraction-
based dipole formalism of Ref. [5]. We find that the results of all methods agree. The
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dipole calculation uses helicity amplitudes and therefore contains the complete spin
correlations of the participating partons.

We organize this chapter as follows. In the next section we present an overview
of the amplitudes entering the calculation. Section 4.3 discusses the framework of
the phase space slicing method and presents the attendant analytic results. Section 4.4
gives information relevant to the dipole calculation and all relevant helicity amplitudes.
This section also contains a detailed discussion of scheme independence for different
ways of handling v5. The analytic results of Sections 4.3 and 4.4 are presented using
different, but self-consistent, notations appropriate to their methods of handling of
infrared divergences. Brief numerical results are presented in Section 4.5, along with a
comparison of the methods. We conclude in Section 4.6.

4.2 Overview

The lowest-order Feynman diagrams are shown in Figure 4.1. They are commonly
distinguished by the sign of the W boson momentum squared. The t-channel flavor
excitation process

u+b—t+d, (4.1)

occurs via the exchange of a virtual space-like W-boson, and the Drell-Yan-like s-
channel process

u+d—>t+b, (4.2)

occurs via a virtual time-like W-boson. In reaction (4.1) it is understood that we may
replace the (u, d)-quark pair by (d, @), (¢, s) and (5, ¢). In reaction (4.2) we may replace

the (u, d)-pair by (¢, §). In addition, CKM suppressed combinations are included at all
vertices.

Y
\

Y

(a) (b)

Figure 4.1: The leading order Feynman diagrams for reactions given in (a) Eq. (4.1)
and (b) Eq. (4.2). The top quark line is doubled.

For each channel the fully differential spin-averaged Born cross section can be writ-
ten as

1 —
da(o) — _Z |-/\/lp,Born|2 dPSZ ) (43)

p 25
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where s is the partonic center-of-momentum energy squared, and we use p = s,t to
denote the channel. The two body phase space is given by

1 d3p1 d3p2

dPS, =
52 (27)2 2, 2B,

0 (g —pi—p2). (4.4)

The t-channel Born matrix element squared summed (averaged) over final (initial) state
spin and color states is

1 2

_— 4.5
i M2 (45)

— 1
> [Migoml” = 194|Vud|2|vib|25(5 —m;)

Here, s = (p, + py)? and t = (p, — pg)?, the partonic reaction sub-energy squared and
the square of the momentum transfer across the W, respectively. The CKM matrix
elements |V;;| may be changed for the given particles, and m, is the top-quark mass. The
result for the s-channel is obtained by interchanging s and ¢, and letting s = (p, + pg)*
and t = (p, — py)*. In Section 4.4 we discuss the cross section without the sum over
spins.

(<§573,

¢ f s

nosY QY
(a)
(b)

Figure 4.2: The one-loop virtual corrections to the (a) t-channel and (b) s-channel
amplitudes.

At next to leading order we must include the virtual QCD corrections to Eqgs. (4.1)
and (4.2), shown in Figure 4.2. To obtain the real emission contributions one must
attach a gluon in all possible ways to the diagrams in Figure 4.1. The resulting crossed
diagrams may be written as

u+d — t+b+yg, (4.6)
u+b — t+d+g
d+b — t+a+g, (4.7)
u+g — t+b+d
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d+g — t+b+u,
g+b — t+d+u.

These crossings may belong either to the s or ¢ channel, and their assignment is gov-
erned by the collinear singularity structure. It is useful to distinguish whether the gluon
attaches to the fermion current containing the heavy-quark line (h) in Figure 4.1 or to
the current containing only the light-quark lines (/). Note that the contributions from
h and [ radiation do not interfere in the cross section due to color conservation [75, 77].

The diagrams in Eq. (4.6) belong fully to the s-channel, and diagrams in Eq. (4.7)
belong to the t-channel. For crossing in Eq. (4.8) let us consider the first process
u+ g — t+b+d. In the heavy-quark line the gluon can split into a collinear bb-pair
with reduced process u 4+ b — ¢ + d, so that this crossing belongs to the ¢-channel. In
the light-quark line the gluon can split into a collinear dd-pair, with reduced process
uw+d — t + b, so that this crossing belongs to the s-channel. The classification of
the second process in Eq. (4.8) is similar, with the role of the u- and d-type quarks
exchanged. Finally, in Eq. (4.9), the gluon connected to the light-quark line can split
either into a collinear wu-pair or into a collinear dd-pair. In both cases the process
reduces to the t-channel process u+b — t+d or d+b — t+u. Crossing of Eq. (4.9) to
the heavy-quark line is not included in our calculation as it involves on-shell W-decay
into light fermions, and is classified as W-top associated production. The cross section
for this process is estimated to be negligibly small for the Tevatron [15, 16, 18, 81, 82].

In what follows we consider only the production of a single top quark, but the
relevant expressions for the production of an antitop quark may easily be obtained
by charge conjugation. Our calculational framework is further specified as follows:
we set the bottom quark mass to zero, so that we work with 5 massless flavors in
the parton distribution functions. It is important to use a consistent set of 5-flavor
parton distribution functions, in which the 5-flavor set has been computed from a lower
flavor number set via NLO matching conditions [83] that preserve the momentum sum
rule. To handle divergences occurring at intermediate stages of the calculation we use
dimensional regularization (D = 4 — 2¢). Details describing renormalization of the
vertices that contain ~y; are given in Section 4.4.2. Collinear divergences are subtracted
in the standard MS scheme. We use the Feynman gauge for the gluon propagator.

4.3 Phase space slicing

In the phase space slicing method a subregion of phase space containing soft and
collinear singularities is defined. If the subregion is small enough, one may make
simplifying kinematic approximations in the phase space integrals, so that they can be
performed analytically. To define the size and shape of this subregion one introduces
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one or two theoretical cutoff parameters (for common or separate treatment of collinear
and soft contributions, respectively). The final cross section should not depend on the
choice made for the partitioning. Below we discuss the application of these methods
to single-top-quark production.

4.3.1 Phase space slicing with two cutoffs (4, d.)

A detailed description of the phase space slicing method with two cutoffs has recently
been given in Ref. [52]. In this section we present the results needed for single-top-quark
production. We follow closely the notation of Ref. [52].

In the two cutoff method, phase space is divided into a hard (H) and soft (S)
region. The contribution from the latter region is computed by applying the eikonal
approximation to the radiative processes in Eqs. (4.6-4.9). The soft region of phase
space is defined by a condition on the energy of the soft gluon in the partonic center-
of-momentum frame:

0 < E, §65§. (4.10)
The hard region is then defined by E, > d,1/s/2. After performing the D-dimensional

angular integrations of the gluon in the region defined in Eq. (4.10), the soft contribu-
tion is found to be

9 oo DA —e) (4mp®\7| (A A
dal(,)—daé)[%r(l_%) . ST HA (4.11)

with p = s, labeling the channel. For the s-channel
A5 = 3CF
A = Cr[t-6mo, ()]
m

2

AS = CF[6ln255 —2Ind; + 21Indg1ln <i>
m

(L) - na -t ()] e

s — m? m?

and for the t-channel
AL = 30k
—t (m? —t)?

Ay = C’Fl61n255 —2Inds +41ndsIn (%)
S
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(m? — t)? s +m? S o [ —t , t
+21H(551H< m2s + s —m2 In (W) +In E +2L12 1"‘%
1.,/ s o [ m? VA , u

where the top-quark mass is denoted as m, and =1 — m?/s.

The hard region is further divided into hard collinear (HC) and hard-noncollinear
(HC) regions. The latter is computed in 4 dimensions, integrating numerically over
the HC phase space using standard Monte Carlo methods. The HC contributions arise
from integration over those regions of phase space where any invariant, s;; = (p; + p;)*
or t;; = (p; — p;)?, appearing in the denominator becomes smaller in magnitude than
0.s. The singular regions are distinguished by whether they come from initial or final
state radiation. The latter are given by

Qg I (1 6) 47 M2 ‘ Al
doHCFS) — 1500 <— + A ) 4.14
p Po2r (1 — 2e) s € °) ( )

with

A = Cp <2ln55+g—21n6>

7 7 9 9
Ay = Cp 5—3—111 0y — In“ B+ 2Ind,In 5
3
—1Iné, <21n(55+§—21n,3)], (4.15)

for both channels (all massless partons in the Born cross sections are fermions).

The collinear contributions from the initial state are given by the sum of two contri-
butions. The first is the finite remainder after mass factorization. The second results
from a mismatch in integration limits when subtracting the mass factorization counter-
term.

sC

o , T(1— A\ 1+ A sc
oot =0 seian (00) | 7 (a6 o]
(4.16)

The modified parton distribution function f is given in Ref. [52]. For the reaction at
hand we only need consider the quark-quark initial state splitting, so

3
A€ = O (21n65+§>

Ar = (2 Ind, + §> In (%) . (4.17)
2 H
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The virtual contribution is obtained as explained in the Sections 4.4.1 and 4.4.2. The
results in the notation of this section are

2\ € v v
W) _ 50 |2 T(L—¢) (dmp A A_ v <O‘_> (V)
do, do, lZW TI—20 \ s 2 + + Ay o do,”’, (4.18)

where

Ay = Op{[-2]-[1]}

AV = CF{[—?)—Zln(_ti)]-i—{—g—zln(l_)‘) ln<7§2>]}
6 - offw () () o
n [_%1112(%)—gln<;z>—21n(1—)\)1n<£2>—6
_ ilnu—A)—1n2(1—A)—zln(1—A)+2LiQ(A)—%2]}. (4.19)

In the above we have defined A = ¢?/(¢?> — m?). Further, the separate terms in the
square brackets originate from the massless-massless or the massive-massless vertex
corrections. For the t-channel one sets ¢> = ¢, while for the s-channel one sets ¢? = s.

vy 11 m?su m? 1 2
dO't = 2 g |Vud| |‘/tb| CF ; lIl <m2 —t) <t— M5V> ng, (420)

is the t-channel finite piece in the virtual contribution that is not proportional to the
Born cross section. It results from the interference of the renormalized massive-massless
vertex with the Born amplitude. The s-channel version may be obtained by crossing.

At this point one can see that the two body weight is finite: A5 + AY = 0 and
AV + A7 + Ay + 245¢ = 0. The factor of two occurs since there are two quark legs,
either of which can emit a gluon. The final finite two-body cross section is given by
the sum of the residual f terms from both the quark-quark and quark-gluon initiated
processes and the finite two-body weights. The result, summed over parton flavors is

Qs
0'(2) = <%) Z/dl‘ldl'g

{15 1, 1) £ (3, i) [do® (AL + A + A +245) + d50)]

+ dU(O [f Yy, pr) f (0, pr) + f2 (331,HF)fsz(x2,uF)] + (2, <_>g;2)} _
(4.21)

The three-body contribution is given by

1 ab)
=3 [ dayd —/ M 24Ty 4.22
;;/ T x225 H62| 3 | s ( )
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with o
SIMED |2 = —g | Vi 2V |2; i =1 3. (4.23)
The V; contain the luminosity and Dirac algebra of Eqs. (4.7-4.9). We choose
initial-state momenta as incoming, and label the momenta for the ¢-channel as

Uy s u(pr)b(p2) — d(ps)t(pa)g(ps), (4.24)
Uy s u(pr)g(pe) —  d(ps)t(pa)b(ps), (4.25)
U g(p1)b(p2) —  d(ps)t(pa)u(ps) - (4.26)

The t-channel ¥; are given by

U, = 204F, (512 (thy — $54) — Shatos 15 (854 + 8)s5) — Shylyg
tys 535
by [s12 (2534 + 8)5) + 5§4t25]>
t15535
1205 F, <312 (tag — 554) — atis _ 12 (0 + 535) (1 — 2mi/sl) — siulhy
tas S5
_t,24 [$12 (2834 + $35) + 5%47515]) (4.27)
ty550s 7
U, = £ <3123§4 + 115 (854 — S35) n bys (S50 + Ty3) (1 - 2mi [tyy) — shatl
tas 24
S5 [512854 + ty5 (fos + 255,)]
+ > : (4.28)
24195
U, = F <3123§4 + tys (854 — 5)s) n tys (s + 114) — Shylyy
tys ty3
L S3 [512854 + Lys (Phy + 25%4)]) (4.29)
tystis 7
where Cp = 4/3, sij = (pi +p;)?, tij = (i — p3)°, i = sij — mi, th; = tij —mj,
Os
P=—"t 1, (4.30)
(g — Miy)
Qsh
Fy=—"=1IL,, (4.31)
(tis — M)

si(n) and the luminosity functions Lypy = 2 (2, upl(h))fbH2 (@2, fpin)) are evaluated
using the scales at the light(heavy)-quark lines, respectively. All other s- and ¢-channel
matrix elements can be obtained by crossing. Physical predictions follow from the sum
0@ + ¢®) which is cutoff independent for sufficiently small cutoffs as shown below.
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4.3.2 Phase space slicing with one cutoff (sy;,)

The calculation using the one cutoff slicing method is similar to the one using the two
cutoff slicing method, with some differences that we now address. In this method, a
pair of partons with momenta p; and p; is defined to be unresolved if

|2pi * pj| < Smin » (432)

with sy, small compared to the hard scale of the process. The condition in Eq. (4.32)
can occur if either p; and p; are collinear, or if one of the two is soft. This method, com-
bined with the use of color-decomposed amplitudes and universal crossing functions,
has been developed into a general method for computing with minimal calculational
effort fully differential NLO production cross sections of bosons and jets in [56, 57] and
identified hadrons and heavy quarks in [58]. The single-top-quark production process
has a relatively simple color structure, so we do not need to decompose the scattering
amplitudes into color-ordered subamplitudes.
The treatment of the virtual corrections is no different from the two cutoff method.
To determine the radiative corrections, all partons are first crossed to the final state,
and resolved and unresolved contributions are identified according to the criterion in
Eq. (4.32). The unresolved contributions, (soft and collinear) can be found in [56, 57,
58] expressed in D = 4 — 2¢ dimensions. The soft contributions are expressed in terms
of the momenta for partons in lowest order kinematics with all partons in the final
state
0—>ua+d+t+b, (4.33)

and are given by

C 1 AP\ 11 /2P0 - pa\© 2py-pp\©
do® = o | CF [_< u ) < H
7 7 a F(]' - 6) Smin €2 Smin N j(m7 0) Smin ’
(4.34)

with do(®) obtained by crossing all momenta to the final state, and

L1 2p-pp\© 1 (2p-pp\© w2 om?
I I SR NCO PEACE O
) 2pe-pp > m® - T (m,0) 2 22\ 2 % \ " m2 12 2p -y
2) 2p-py <m? : J(m,0) <2pt'p”>e L, L =, (4.35)
. m- o m = 9.2 V5. 19 ) ’
Pt - Pv > ’ m2 262 2¢ 12

The s-channel contribution is then obtained by replacing 2p, - ps — s, 2p;-py — 5 —m?2.

The t-channel contribution is obtained by replacing 2p, - pa — t, 2p; - py — t — m?,
which leads to 72 terms after expanding in €. The collinear contributions are likewise
given by

2 €
i@ — _geo |@sCr_ 1 (Ampm) ol
7 T'(1—¢€) \ Smin €




56 Next to Leading Order

Smin Smin Smin
X |1 0, —— | + [; — 0+ 1; — 0] .
[ q—qg < 2py 'pd> a—ayg <2pu - Da ) a—qg <2pt " >]
(4.36)

The I functions are given in Refs. [56, 57]. The s-channel contribution is obtained by
replacing 2p, - pg — S, 2p¢ - pp — s — m?. The t-channel contribution is obtained by
replacing 2p, - pg — t, 2p; - pp — t — m?. The sum of these contributions is already
finite. One now generates the various subprocesses of single-top-quark production by
crossing pairs of partons back to the initial state. Crossing symmetry is not a property
of next to leading order cross sections, but it may be implemented in the following way.

In general a NLO fully differential cross section for a process with initial hadrons
H, and Hy may be written as

dowym, = Y [ day [ day FE (00) F (2)doy (o1, 2) (4.37)
a,b

where a, b denote parton flavors and 1, xo are parton momentum fractions. The func-
tion dolL9 is computed with all-partons-in-the-final-state matrix elements, in which
partons a and b have simply been crossed to the initial state, i.e. in which their mo-
menta p, and p, have been replaced by —p, and —p, (this function does include the 7
terms resulting from this replacement in the one-loop virtual graphs). The functions

FH(z) are modifications of the parton distribution functions fX (x, up)
Fl(x) = fH(x, pr) + asCH (2, pr) + O(a?), (4.38)

where CH(z, up) are finite, universal “crossing functions” [57]. They implement the
crossing property for the unresolved contributions, and are given by
N¢

Evi Smin MS
nyMS(xJMF) - g [Af(xJMF) 1H< M2 > +Bf,MS(x7MF)] : (439)
F

The functions AZ, BH for the proton are given in [57]. In the unresolved contribution
one may simply cross pairs of partons without further modifications.
The full NLO differential cross section can now be written as:

dog, g, = Z/dﬂ?ld%ffl (21, ur) fbH2($2,MF) [dU,%LO(ﬂUl,l"z) + a5 (pr)
a,b

X (Cfl ($1;MF)ffI2($2,MF) + faH1 (331,MF)CJQ(%;MF))debo(l“l,%)] .
(4.40)

The unresolved contribution, now including the crossing functions, depends analytically
on Spyin, but this s,,;, dependence cancels against that of the resolved contribution. The
results produced with this method agree with those of the previous section. In this
thesis we limit ourselves to some illustrative numerical studies, so that we only employ
the dipole and two-cutoff slicing methods for numerical results.
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4.4 Massive Dipole Subtraction calculation

We will use the massive dipole formalism as developed in Chapter 3 for this calculation.
As was explained there, we need to calculate the virtual and radiative amplitudes for
the process under study, which together with the expressions for the dipoles will give
us all ingredients to complete the calculation.

4.4.1 Calculation of the amplitudes

We have performed three different calculations of the loop amplitudes. One calculation
was done using the standard approach in the 't Hooft-Veltman scheme. The second
calculation involved treating the -5 as anti-commuting in D dimensions, thereby re-
taining Ward identities for the charged current vertex. In the third one we calculated
helicity amplitudes using a four-dimensional scheme. The effects of different prescrip-
tions for 5 are discussed more extensively in Section 4.4.2. The results of the three
calculations agree with each other, in the sense that they can be related to each other
through process-independent finite renormalizations. In addition, we find agreement
with the earlier calculations of Refs. [84, 85]. We present here the helicity amplitudes
obtained with the third approach!. They are more compact and contain the complete
spin information. In the standard approach one just calculates the interference between
the loop amplitude and the Born term and sums over all spins.

We employ amplitudes with all partons outgoing, generating in an economical way
the relevant scattering amplitudes by crossing. The lowest-order amplitude is shown
in Figure 4.1

Aws 0= t(ps) + b(ps) + d(ps) + ulpr), (4.41)

where all momenta are outgoing. We use here the notation of Ref. [4], which explains
the unusual labeling of the momenta with p4, ps, p7 and ps.

Each amplitude we decompose into gauge-invariant partial amplitudes. The color
decomposition of the Born amplitude is

Awbporn = 684667A%;b7b0rn . (4.42)

It is convenient to factor out some common prefactors from the partial amplitude
A[ngybom and to write it as follows:

* . 1
A%;bb = VgV : & Bl[y}b’bom : (4.43)
oo 2sin’ O se7 — miy V(2 —[4+6+72-)

! The spinor helicity methods that are used in this calculation are summarized in Section 2.2.
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Here we denote the reference momentum for the massive spinor by ¢ = ps. If one is only
interested in the spin-summed squared amplitude, one may choose any arbitrary null
vector for py, the choices po = (1,0,0,1) or py = pg are examples. However, by keeping
po unspecified, we keep the complete spin information, and our formulas become only
slightly more lengthy. The non-vanishing Born amplitudes are

Bithsora (0805 0E,05) = [AT)(6 — |4+ T|2-),
1 _
Bty sorn 0105 07 08) = m(26)[74]. (4.44)

We now turn our attention to the loop amplitudes. The color decomposition of the
one-loop amplitude is given by

1 2 3
AWb:ZOOP = 567T§?1111Awb,l00p + T(?in%ég‘lAE/V}b,loop + Tél7T§l4Ag/I;b,loop

N? -1 1 N? -1 9
= N 567584A[W]b,zoop 5N 567584A[W}b,zoop
- (564587 _ 3567584> AB (4.45)
2 N Whb,loop
Here we used the short-hand notation
g1 = z'(;j4 ) (4.46)

where a is the color index of the gluon, ig is the color index of the quark ¢(ps) and j, is
the color index of the quark b(p,). Ag,l[,}b,lwp corresponds to loop corrections on the ¢-b

line, A%b,loop to corrections on the u-d line, and A@b,loop to a gluon exchange between

the two lines. Note that we do not have to calculate Aﬁ;b,lwp:

2 Re (58456714%/1[/}1)) Tg7T§4A5’;b,loop = 0, (4.47)
because the color matrices are traceless. We write
* . 1
A[l] o 62 Vud‘/;fb 21 BI[/V]b,loop 92
Hbdoor 2sin” Oy sg7 — miy \/—<2 — 4+ 6+ 7|2—) (47)?
21/7% V. 2 B[Z] 2
A%;b,loop = ° ud "B ’ Doloop g : (448)

2sin? Oy s67 — miy \/—<2 — 4464 7)2—) (47)?
For the helicity configuration pf, ps,pT,ps we obtain

1 _ _
By 100y 01 s 6 DT 3D5 ) =

2[47]{(6 — 4+ 7)2=)(4 — |6 + 7|4=)CS (s7, m?)
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+K—% T 7|4—>><6 Tl

1 S467 (a) 2
by oy 60042 B ar
1 (), 2
a6 T (567(6 — |4+ 7|2—) + 5467(64)[42]) By (m?)
1 (64)[42] ) s (64)[42] (2) (o2
+2<4—|6+7|4—> o(m”) 467<4_|6+7|4_>CO (867 )}

2 _ _
Biyt00p (005 07 15) =
3 e
—2047)(6 — 4+ 7[2-) (567CE (s6r) + 5B 1)) (4.49)
For the helicity configuration pf, ps,pT,ps we obtain

1 _
BI[/V]b,loop(pIJPG 7p;r’p;) =

—2m[74] [(62><4 — 16 + 7[4=)CS (sg7, m?)

+<4 - |61+ 7/4-) (867(62> - %<67>[74]<42>>B(()a)(367; m?)
- |61+ 7y (507(62) + (64)(4 4 16+ 7124) By (m?)

1(64)(4 +16 + 7|2+) ( 2) (2 — 16+ 7|4—)(46)
2 sagr(d— 6+ 7)a—) V" (A= [6+7[4—)

Bty 10004 15 07, 15) =
3 (e
—2m|[74](26) <3670(§”’(367) + EB(() ’(567)> . (4.50)

The expressions for the standard scalar integrals are collected in Appendix B. The
ultraviolet (UV) renormalization is discussed in the next section.

Finally, we need the real emission amplitudes with one additional gluon. These are
listed in Eqgs. (4.6-4.9), and correspond to the process

Awg 0= t(ps) + b(pa) + g(ps) + d(ps) + u(p7) - (4.51)

The color decomposition reads

C§ ) (sg7, m?)

AWQ;TCM = T854667A%;g,real + 584T657A5/}g,r8al : (452)

These amplitudes have been calculated in Chapter 2. For convenience we repeat them
here. We have

g€2Vu*de . (_1)2\/5 BI[/%/}g,real

A[U ‘ :
2sin* 0w sor —miy /(2 — |4+ 5+ 6+ 7]2-)

Wg,real
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* . 2
ge2vud‘/tb . (_2)2\/5 BI[/V]g,real

A[Q} . '
2sin® Oy s567 — mify \/—(2 —|4+54+6+7]2-)

Wg,real

(4.53)

As reference momentum for the massive spinor we have chosen ¢ = ps. The non-
vanishing amplitudes are

Bi, rea(PT . 12, 05 . PF,15)
(6~ |45+ 7]2) ((6-14+5[7-) | [F4)(6 — |4+ 7]5-)
<65> <45> S467 — m2 ’
Bi, e (0T 15, 05 . PE, 1Y)
m(26) ((6— |4+5/7-)  [T4)(6 — 4+ 7[5-)
<65> <45> S467 — m2 ’
Bi, rea(PF 15 1 95 - DT, 15)
- [74] 5 (5= |4+ 6+ 7|2—)[47](76) + m*[24](56)) ,
[54] (8467 —m )
Bl[/gg,real(pjl—vpgvpgvp;_vp;)
m [47]

"oy — iz 1) (PHENTA + (56)2 =[5+ 6+ 7[4-)). (4.54)

2 _ _ (6—14+5+T72—)(6—1]5+7]4—)
By e 0t 18,05 0E,05) = :

(56)(75)
B, o0l 13 0597, 08) = m<62><<ig><|§5j; )
Bl o0l 15 15 .97 p5) = (ICRA Chs ?5;] E’)f; iChal)ltew :
B, o0 05 05 .97 08) = m[47]<2[5;] EE;]L b= (4.55)

The matrix element squared is given by

2 1 1 2 2
|AWg,Real| = ENC(Né - ]') <‘AE/V}g,Real + ‘AE/V}g,Real

2) . (4.56)

: (1] 2]
There are no interference terms between AWg, rear and AWg, Real

4.4.2 Conversion between schemes and scheme independence

The one-loop amplitudes presented in the previous section have been calculated in
a four-dimensional scheme. They differ from the corresponding amplitudes in the
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't Hooft-Veltman scheme by finite terms. These finite terms are either of ultraviolet
(UV) or infrared (IR) origin and result from expressions of the form ¢/¢. To obtain
the unique and correct result, one proceeds through the following steps:

e The bare one-loop amplitudes may contain UV-divergences. With the help of
a specific regularization scheme these divergences are isolated and removed by
renormalization. The explicit form of the renormalization depends on the chosen
renormalization scheme.

e The specific combination of regularization and renormalization scheme may break
certain Ward identities. These Ward identities have to be restored through finite
renormalizations. The required finite renormalizations are universal, i.e. they do
not depend on the process under consideration. After this step all finite parts of
UV-origin are uniquely fixed.

e In addition, QCD amplitudes may contain IR-divergences. Unitarity requires

that we employ the same regularization scheme in the phase space integral over
the unresolved real emission part as in the one-loop integral.
Alternatively, since the structure of the IR-divergences is universal, we may derive
simple formulas, which relate the finite parts specific to a certain regularization
scheme to the ones of another scheme. We can therefore convert a one-loop
amplitude calculated in one scheme to the corresponding amplitude calculated in
another scheme.

We will discuss the three steps in detail for the case at hand. To start, let us briefly
summarize the properties of the 't Hooft-Veltman scheme and the four-dimensional
scheme. The 't Hooft-Veltman scheme treats unobserved particles (particles in loops
and unresolved partons in the real emission part) in D = 4 — 2¢ dimensions. Observed
particles are taken in four dimensions. 75 is a four-dimensional object in the 't Hooft-
Veltman scheme, anti-commuting with the first four Dirac matrices and commuting
with the remaining ones.

The four-dimensional scheme is specified in simple terms by the fermion propagators

) +ml
bt mle (457)
Pipy—m
Four-dimensional Dirac-matrices occur in the numerator, whereas D-dimensional quan-
tities occur in the denominator. Two adjacent Dirac-matrices in the numerator are

contracted as

Pabny = (Pfo) =Pl o) 1w, (4.58)

which can be interpreted as the statement “D is effectively larger then 4”. p%D) can

cancel a propagator, whereas p%_%) will give rise to an integral in 6 — 2¢ dimensions.
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It should be kept in mind that the specification given here is just a simple prescription
relevant to practical calculations. The scheme is rigorously defined in Ref. [86].

Awpi00p contains ultraviolet and infrared divergences. Ultraviolet divergences are
removed after renormalization of the quark fields

wbare = 1};/2wren . (459)

The renormalized amplitude is obtained as

4
AWb:lOOP,Ten - (Z;}/Z) AWb,loop,bare- (460)

We have to renormalize the fields such that the residuum of the propagators is 1.
For light quarks the appropriate renormalization constant is 1, due to a cancellation of
UV- and IR- divergent parts. In more detail we have

2
1/2 - 1 g

Zyonshe,pp = 1+ 2 (4m)? Cr (—Ayv + Arr),

z,)/?2 I A A
onshell, iy — L+ B (47T)QCF (—Ayy +1pv + Arr — L), (4.61)

where A = 1/ — 7+ In4n. Here we have indicated with a subscript UV or IR the
origins of the divergent parts as well as the origin of additional finite terms which arise
from a cancellation of 1/e-terms with terms of order . For massive quarks we have

1/2 1 g* m2
Zw{onsheu,FD = 1+ 5—+=5Cr | -3Apy =5+ 3In o

2 (4m)
7\ B A (Y IS TP WL 4.62
bronshel,HV = +§W r| —3Apy + 1y =5+ nﬁ ) (4.62)

After renormalization of the quark field we have

1 1 1 m? 1
BI[/V]b,loop,ren,FD = BI[/V}b,loop,bare,FD + 5 —3A —5+3In F BI[/V]b,born

2 2
BI[/V]b,loop,ren,FD - BI[/V}b,loop,bare,FD . (463)

The only divergences left in the renormalized amplitudes are of infrared origin. The
infrared divergent parts are given by

1] B 1 1 1 5 m? —sg; 1. m?
By to0p R —2A <§A + 3773 Indrm + 1 In —z + 3 In oz By porn
3 —s
BI[/?/}b,loop R —2A <A +v — Indr + 5 In ,u267> Bw b porn - (4.64)
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We now turn our attention to Ward identities and finite renormalizations. In the
't Hooft-Veltman scheme 5 anti-commutes with the first four Dirac matrices and com-
mutes with the remaining ones. This treatment violates a Ward identity, which has to
be restored by a finite renormalization. Explicitly, one splits the left-handed interaction
into a vector (v,) and axial-vector [['ys = 1/2(7,75 — 757,)] part.

1 1 1

Ty =) = 5% =7 (W = 57) - (4.65)

The Ward identity is restored by a finite renormalization of the axial-vector coupling:

an;e - Zaxial,HV,fin Fzgmrm
2
g
Lovia in = 1+4—-Cp. 4.66
ial HV, fi + (4n)? F ( )

There is some freedom in how we continue the left-handed coupling in the 't Hooft-
Veltman scheme to D dimensions. For example, the expressions

1 1 1 1 1 1
Tag X=7), 5 @+9) %, 5 @+%) %5 =5, 5% =7 (s = ¥57) (4.67)

2 2 2 4
all agree in four dimensions, but differ in D dimensions. Of course this difference is
compensated by the appropriate finite renormalization. Z,gia,mv,fin corresponds to the
choice —1/4(v, 75 — ¥57u)-
The four-dimensional scheme violates a Ward identity as well, which is restored by
a finite renormalization of the left-handed coupling I'jer; = 1/27,(1 — 75),

L = Zewpprinller™
2
ZEW,FD,fin = 1+MQT)QCF- (4.68)

After the finite renormalization the renormalized amplitudes

1/2 \4
AWb,loop,ren,HV - (Z 7HV) AWb,loop,HV

4 _
Awbjoopren,FD = (Z;}D) (Zew.Fp,fin) 2AWb,loop,FD7 (4.69)

agree up to terms resulting from a different treatment of the infrared divergences. The
axial-vector coupling in the 't Hooft-Veltman scheme has been renormalized according
to

an;e - Zaxial,HV,finFL%norm . (470)
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In detail, we have for the finite parts of UV-origin in terms of ¢%/(47)*Cp BB

FD vaector Hvaxial
BWb,loop,bare 0 -2 +2
Zc_mlbpling —1 0 —4 (471)
Z, 0| +1 +1
Sum -1 -1 -1

The remaining differences are due to finite terms of infrared origin. Due to the
universal structure of the infrared divergences we may relate the amplitudes calculated
in the four-dimensional scheme to the ones in the 't Hooft-Veltman scheme [87, 65, 5].
The relations are

1] _ Rl Lon
BWb,loop,HV - BWb,loop,FD - EBWb,Born
2] (2] (1]
BWb,loop,HV - BWb,loop,FD - BWb,Born : (472)

This completes our discussion on scheme-independence. In summary, we are able
to perform the calculation in a four-dimensional scheme and to obtain from this result
the amplitudes in the 't Hooft-Veltman scheme through simple and universal relations.

We would like to comment on the original formulation of dimensional reduction.
Dimensional reduction [88, 89] differs from the four-dimensional scheme by use of the
relation

bwbwy = Pyl (4.73)

which can be interpreted as “D is smaller than 4”. The results in dimensional reduc-
tion can be easily obtained from ours by dropping the terms 05725). The C’é*zg)—terms
yield finite terms related to UV-divergences. We note that the results in dimensional
reduction cannot be related to ours, nor to the 't Hooft-Veltman scheme by a finite
renormalization, since the term with C’é_%) in Bl[/yb,wop is not proportional to By porn-
Therefore the naive approach of dimensional reduction is not consistent. The situation
may be cured at the expense of introducing additional scalar ghost particles [90], how-
ever this spoils the calculational simplicity of the scheme. From a calculational point
of view we prefer the scheme defined in Ref. [86], since 6 — 2e-dimensional integrals are
rather “inexpensive” to evaluate.

4.4.3 Spin observables

The helicity amplitudes contain the complete spin information for the single-top-quark
processes. In the old-fashioned method, spin observables are calculated by inserting
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the spin projection operator

ulp,)ilp,s) = (+m) 5 (1+78) (1.74)

into the matrix element squared. In Eq. (4.74) s denotes a spin four-vector with
52 = —1, and p-s = 0. In the rest frame of the particle the spatial components of s
point in the same direction as the spin of the particle [42]. To make contact with this

formulation, we first introduce the spin density matrix [91] in the basis of Eq. (2.12):

_ A(---;p+,--.)A*(...,p+,...) A(""p+7"')A*(---,pf,...)
ro (A(...,p_,...)A*(...,p+,...) A(""p_’"')A*(---,p_,...))' (4.75)

In addition we need the projection operator Eq. (4.74) in the basis of Eq. (2.12). This
one is obtained as

11(_@_M+mm—@w»<m4@+MU—Mw?)¢m@

22pg \ (g +|(p+m)A—Hla—) g+ |+m)L - #la+)

Spin observables are then calculated as
Tr (P-p). (4.77)

Note that the entries of the matrices are complex numbers, and that the spin vector s
enters only through the matrix P. It is easily verified that this expression agrees with
the one obtained from Eq. (4.74). The spin summed result is recovered by replacing P
in Eq. (4.77) with the unit matrix.

4.5 Numerical results

The inclusive NLO cross sections for s- and ¢-channel production of single-top-quarks
were published in Refs. [75] and [77], respectively. After we choose our numerical
inputs, we compare to these older calculations, and update the inclusive cross sections
using newer parton distribution functions (PDFs).

In order to make a definite comparison to the older calculations, we reevaluate all
results with the following parameters: For the mass of the W boson we use my, = 80.4
GeV. For the top-quark mass we take m; = 175 GeV. In LO calculations we use
CTEQSL PDFs [92]. In NLO calculations we use CTEQ5M1 PDFs with 2-loop running
of a,. We define the electroweak coupling by ¢ = 8Gr M2, /v/2, with Fermi coupling
constant of Gp = 1.16639 x 1075 GeV~=2. We consider pp collisions with center-of-
momentum energy /S = 1.8, 1.96, or 2.0 TeV (Tevatron), and pp collisions with a
center-of-momentum energy v/S = 14 TeV (LHC).
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Unlike the massive dipole formalism, the phase space slicing method of two cutoffs
depends on explicit parameters o, and .. In Figures 4.3 and 4.4 we show the s- and
t-channel inclusive cross sections as a function of 6, = 300 x d.. The logarithmic
dependence cancels in the sum of the two- and three-body contributions and leaves
terms proportional to J, and .. By taking §, < a few x1073, the cross sections
converge to the updated analytic results.

onLo (pb)

1075 1074 1073 1072 101

Figure 4.3: The next to leading order single-top-quark total cross section for the s-
channel at a /S = 2 TeV proton-antiproton machine. The two- and three- body
contributions, together with their sum, are shown as a function of the soft cutoff ;.
The bottom enlargement shows the sum (open circles) relative to £5% (dotted lines)
of the analytic result (solid line).

The LO and NLO cross sections for s-channel and ¢-channel single-top-quark pro-
duction are listed in picobarns in Tables 4.1 and 4.2. Since the Tevatron is a pp
collider, the cross sections for top-quark (¢) and antitop-quark (¢) production are the
same. The LHC is a pp collider, and hence the ¢ and # cross sections are listed sepa-
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Figure 4.4: The next to leading order single-top-quark total cross section for the t-
channel at a /S = 2 TeV proton-antiproton machine. The two- and three- body
contributions, together with their sum, are shown as a function of the soft cutoff ;.
The bottom enlargement shows the sum (open circles) relative to £5% (dotted lines)
of the analytic result (solid line).

rately. Factorization (uy) and renormalization (pp) scales are set equal. In Table 4.1
all scales are set to the top mass m;. In Table 4.2 the s-channel cross sections are
calculated using the invariant mass of the top-quark/antibottom-jet pair for the scale,
p? = ME: = (P, + P;)?, where P, and P; are the four-momenta of the top quark
and antibottom jet, respectively.? The t-channel cross section uses the double deep-
inelastic-scattering (DDIS) scales, u? = Q* = —(p, — py)? for the light-quark line and
pe = Q?+m? = —(py, — pa)® +m? for the heavy-quark line, where ()? is the virtuality

2The choice of jet definition induces a cone-size dependence in the scale that always enters the
cross section at one higher order in QCD. We have confirmed that this effect is numerically less than
the overall scale uncertainty for any infrared-safe jet definition.
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Process V'S oo (pb) | onro (pb)
s-channel | 1.8 TeV pp (¢) | 0.259 | 0.380 £0.002
1.96 TeV pp () | 0.304 | 0.447 £0.002
2 TeV pp (t) 0.315 0.463 £0.002
14 TeVpp () | 453 | 6.55 £0.03
14 TeVpp (F) | 274 | 4.07 £0.02
t-channel | 1.8 TeV pp (¢) 0.648 0.702 £0.003
1.96 TeV pp (t) 0.883 0.959 £0.002
2 TeV pp (t) 0.948 1.029 £0.004
14 TeV pp (t) 144.8 152.6 0.6
14 TeV pp () | 834 | 90.0 £0.5

Table 4.1: LO and NLO cross sections for single-top-quark production at the Teva-
tron and LHC for my; = 175 GeV. Cross sections are evaluated with CTEQS5L and
CTEQ5M1 PDFs, and all scales set to m;. Errors include only Monte Carlo statistics.

of the exchanged W boson (valid through NLO), and p; are the four-momenta of the
partons in Eq. (4.1). All LO cross sections are identical to those in Refs. [75] and [77]
once updated to the CTEQ5 PDFs.

We compare the NLO s-channel cross sections to a recoding of Refs. [93] and [75].
The results agree to within 1% for all scale choices. Of note is our use of M, for the
scale in Table 4.2 rather than Q?, the virtuality of the W, which was used in Ref. [75].
These two scales are identical at LO and in initial-state corrections, but differ by the
emitted gluon in final state corrections. Since we are interested in making cuts based
on observables, such as M, we choose this as the scale. While the central value of
any of the scale choices is very similar, the uncertainty is slightly larger at NLO using
my or M. In particular, if we vary the scales between My;/2 and 2My; (or m,/2 and
2m,), we find the s-channel cross section varies by +7.8—6.9% at LO, and +5.7—5.0%
(+5.5 — 4.6%) at NLO. In contrast, using a scale of Q?, as in Ref. [75], would predict
a NLO scale uncertainty of £4%. Given that we can probe a more restricted phase
space with cuts, we take the conservative view that +5.7% is an appropriate estimate
of the NLO scale uncertainty at the Tevatron when looking at exclusive final states.
At the LHC the scale uncertainty is less than +2%.

At LO and NLO, but not NNLO, color conservation forbids the exchange of a
gluon between the light- and heavy-quark lines. Hence, the ¢-channel process may be
factorized at NLO into two independent corrections that each resemble deep-inelastic-
scattering. The NLO t¢-channel cross sections in Ref. [77] were calculated using the
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Process V'S oo (pb) | onro (pb)
s-channel | 1.8 TeV pp (¢) | 0.244 | 0.377 £0.002
1.96 TeV pp (t) 0.287 0.442 £0.002
2 TeV pp (t) 0.297 0.459 £0.002
14 TeV pp (t) | 4612 | 6.56 £0.03
14 TeV pp () | 2788 | 4.09 £0.02
t-channel | 1.8 TeV pp (¢) 0.735 | 0.725 +0.003
1.96 TeV pp (t) 0.996 0.990 £0.002
2 TeV pp (t) 1.068 1.062 +0.004
14 TeV pp (1) | 1527 | 155.9 £0.6
14 TeVpp (1) | 861 | 90.7 £0.5

Table 4.2: LO and NLO cross sections for single-top-quark production at the Teva-
tron and LHC for my; = 175 GeV. Cross sections are evaluated with CTEQS5L and
CTEQ5M1 PDFs, and My, or the DDIS scales (1, = Q*, un, = Q* +m?), for s-channel
or t-channel, respectively. Errors include only Monte Carlo statistics.

scales suggested by this relation to double deep-inelastic-scattering. When using the
DDIS scales, our results in Table 4.2 match the updated Ref. [77] to better than 0.3%
at the Tevatron, but are larger by 2.9% at the LHC. The cross sections in Table 4.1
agree with the updated results of Ref. [77] to within 1% when evaluated at = m;. In
all cases, the dipole subtraction calculations and phase space slicing calculations agree
within the statistical errors.

A subtle issue arises in attempting to ascertain the effect of higher orders by varying
the scale. In Ref. [77] only the scales in the vertex and PDFs of the heavy-quark line
(b — t) were varied because the corrections to the light-quark structure function are
small.®> However, to the extent this process looks like double deep-inelastic-scattering,
we expect a similarly small effect for the heavy-quark corrections as well. Indeed, the
results for LO and NLO are nearly identical when using the DDIS scales, but differ
significantly when using a fixed scale such as m;. In Table 4.3 we show the effects
of varying the scales at the Tevatron (v/S = 2 TeV) together, and separately in the
light- and heavy-quark lines. What we see is that varying the scales together at LO,
particularly when using m;, severely underestimates the NLO correction.

The reason for the underestimate in varying the scales together is a series of acci-
dental cancellations that are driven by the range of proton momentum fraction probed

3The NLO correction to the light-quark line effectively undoes the extraction of the NLO PDFs
from the DIS data.
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o & | 1
LO; (my) 0.95 pb | £1% | 722% | *51%
NLO; (my) 1.03 pb | £2.5% | 735% | £1%
LO; (DDIS) | 1.07pb | B3'% | Z23% | *8s%
NLO; (DDIS) | 1.06 pb | £3.5% | 73% | £0.6%

Table 4.3: Scale variation of the LO and NLO cross sections for t-channel single-top-
quark production at the Tevatron (v/S = 2 TeV). Variation in the light-quark and
heavy-quark lines are listed as j; and py, respectively. Fixed (i = my), and double
deep-inelastic-scattering scales are shown separately.

at the Tevatron. For a top mass of 175 GeV and a machine of around 2 TeV, the
typical x ~ 0.1. For scales also around 100-200 GeV, the b PDF happens to increase
with increasing scale, whereas the valence quarks decrease. This may be seen in the
opposite signs in the last two columns of Table 4.3. The net effect is that to estimate
the uncertainty, we must vary the scales independently, and then add them in quadra-
ture.* This leads to a LO uncertainty of ~ +10%, and a NLO uncertainty for the
Tevatron of £4%. At the LHC, the NLO uncertainty is +£3%. These uncertainties are
consistent with expected higher-order corrections, and with both fixed and DDIS scale
choices.

While the s-channel cross section has only changed by a couple of percent from [75],
the t-channel cross section is 13% smaller at the Tevatron than appears in [77]. The
shift in the NLO ¢-channel cross section is due to the correction of bugs that appeared
in the evolution of the gluon PDF in all of the older MRS and CTEQ NLO PDFs
[94]. Because the b PDF is constructed almost entirely out of gluon evolution [77, 95],
the effect of the bug is greatly enhanced in all processes where there is a ¢ or b quark
in the initial state. The programming bug is corrected in MRS99 (updated) [96] and
CTEQ5M1 [92].

The central goal of our calculations is not to recalculate inclusive cross sections,
but to provide full momentum and spin dependent distributions with the option for
arbitrary cuts. Detailed analyses of the phenomenological issues concerning these dis-
tributions will appear in the future. Here we restrict ourselves to a comparison of the
results using the phase space slicing method and massive dipole formalism.

For our comparisons we reconstruct jets using a kr cluster algorithm [97] with
AR = 1. We define a simple detector acceptance by assuming that only jets with
pr > 20 GeV and |n| < 2 are observed. We calculate all cross sections at the scale

4The light- and heavy-quark corrections are factorizable through NLO, and hence are only weakly
correlated through the evolution of the PDFs.
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uw=my; =175 GeV, and at a 2 TeV pp collider.

In Figures 4.5 and 4.6 we present the NLO transverse momentum py, and pseu-
dorapidity 7, distributions of the b-jet in s-channel production of a top quark, with
cuts based on the “jet veto” search strategy in Ref. [16]. We accept events where only
the top-quark and b-jet pass the cuts above, and any additional jets are either soft
(prj < 20 GeV) or are outside the simple detector (|n;| > 2). The phase space slicing
method and massive dipole formalism give identical distributions, even in this region
of restricted phase space.
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Figure 4.5: Transverse momentum distribution of the b-jet at NLO in s-channel pro-
duction of a top quark at the Tevatron (v/S = 2 TeV) after cuts. Phase space slicing
(PSS) results (solid) and massive dipole formalism (MDEF) results (dashed) are both
shown.

In Figures 4.7 and 4.8 we present the NLO transverse momentum pr;, and pseudo-
rapidity n;, distributions of the highest-ps jet in ¢-channel production of a top quark,
using the same “jet veto” search strategy as above. We accept events where only the
top-quark and highest-p; jet pass the cuts above, and any additional jets are either
soft (prj, < 20 GeV) or are outside the simple detector (|n;,| > 2). The phase space
slicing method and massive dipole formalism predict identical distributions at NLO.

4.6 Conclusions

We presented three independent calculations of the fully differential production of a
single top quark plus one jet at next to leading order in hadronic collisions. At this



72 Next to Leading Order

0.12 T T T T I T T T T I T T T T I T T T T

0.10

©
o
&®

do /dny (pb)
o
o
<)

o
(@)
=

0.02

OOO L L L L I L L L L I L L L L I L L L L
-2 -1 0 1 2
Ty

Figure 4.6: Pseudorapidity distribution of the b-jet at NLO in s-channel production
of a top quark at the Tevatron (v/S = 2 TeV) after cuts. Phase space slicing (PSS)
results (solid) and massive dipole formalism (MDF) results (dashed) are both shown.
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Figure 4.7: Transverse momentum distribution of the highest-pr jet (j;) at NLO in
t-channel production of a top quark at the Tevatron (\/§ = 2 TeV) after cuts. Phase
space slicing (PSS) results (solid) and massive dipole formalism (MDF') results (dashed)
are both shown.
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Figure 4.8: Pseudorapidity distribution of the highest-pr jet (j;) at NLO in t-channel
production of a top quark at the Tevatron (\/§ = 2 TeV) after cuts. Phase space
slicing (PSS) results (solid) and massive dipole formalism (MDF) results (dashed) are
both shown.

order in QCD the cross sections factorize into two non-interfering production modes
that may be identified by the s-channel or t-channel exchange of a W boson. The
s-channel cross section is characterized by having a typical final state of a top quark
and a bottom-quark jet. The jet in the ¢-channel cross section tends to be somewhat
more forward, and rarely contains a bottom quark. New physics scenarios tend to
affect these production modes differently, and hence an accurate measurement and
theoretical calculation of both modes is desirable. Furthermore, the cross section is
directly proportional to the CKM matrix element |V;|?, thus the ability to extract V3
is ultimately limited by our ability to predict the measured exclusive cross sections
with experimental cuts.

The total cross sections for s- and ¢-channel production are updated with CTEQ5
parton distribution functions for runs I and II of the Tevatron, and for the LHC. The
t-channel cross section is smaller than previously published by 13%. This decrease
is due entirely to the correction of a bug in the parton distribution functions. As the
Tevatron will continue to run at 1.96 TeV instead of 2 TeV, the s(t)-channel production
modes will produce 4%(7%) fewer events than previously expected. We discussed some
subtleties in estimating the effects of higher-order corrections on these cross sections.

We showed that the phase space slicing methods of one and two cutoffs and the
massive dipole formalism produce the same jet distributions and cross sections. The
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dipole calculation retains the full spin dependence of the external particles, and so may
be used to predict spin-dependent correlations of the partons.

This completes the first half of this thesis. We have computed the fully differential
cross section for single-top production, which will be very important when precision
measurements of this process become available. Due to the limited amount of data
available for this thesis, we will now switch our attention to top pair production.



Chapter 5

Top pair production

So far we have concentrated on developing a theoretical description of single-top pro-
duction, up to next to leading order accuracy. Obviously, we would like to compare the
theoretical prediction to experiment. However, the amount of Tevatron data available
at the time of writing of this thesis was too low to make this possible. As mentioned
in the introduction, the measurements of the single-top and ¢t processes are closely
related. Thus, in the second part of this thesis we will describe a measurement of the
top pair (also called ¢) cross section at the DQ) experiment at Fermilab. We will start
with a description of the measurements and theoretical calculations that have been
done on top pair production.

The top quark was discovered at Fermilab’s Tevatron collider, which during that
time was colliding protons and antiprotons at a center of mass energy of 1.8 TeV.
The first evidence for ¢ production was claimed by the CDF collaboration in April of
1994 [98]. The discovery of the top quark was made the following year by both the CDF
and DO collaborations. CDF reported a tf production cross section of o7 = 6.8 T3 pb
for a top mass! of 176 GeV [99], and DO found o = 6.4 £ 2.2 pb for a top mass of
199 GeV [100].

In 2001, the CDF collaboration reported o7 = 6.5 *]:1 pb for m, = 175.0 GeV [101]
as their final ¢t production cross section based on the 1992-1996 run of the Tevatron.
The corresponding DO result (published in 2003) is oy = 5.7 £ 1.6 pb for m;, = 172.1
GeV [102]. In addition, measurements of the top mass were made. Combining results
from DO and CDF, the measured top mass is 174.3 £ 5.1 GeV [103].

On the theoretical side, many calculations of the top pair production cross section
have been performed. Recent calculations are at next-to-leading-order (NLO) [60].
Some representative Feynman diagrams for this calculation are shown in Figure 5.1.

!'The measured cross section is always quoted together with the top mass used for the analysis.
This is because the signal efficiency and thus the cross section measurement depends on the top mass.
This mass is taken from a separate measurement, which we will not discuss here.



76 Top pair production

]|
o~
)
o~

Figure 5.1: Some of the Feynman diagrams that contribute to the NLO cross section.
The top quark line is thickened.

Beyond NLO, two techniques have been used. The first method [104, 105] constructs
a double differential NNLO estimate. The cross sections found for a top mass of 175
GeV using this method are:

0i(18 TeV) = 58+ 0.4+0.1 pb
0,(1.96 TeV) = 7.4+05+0.1pb.

The first uncertainty indicates an ambiguity in the kinematics, while the second is an
estimate of the scale uncertainty. It should be noted that the uncertainty due to the
parton distribution functions is not included.

In the second technique, the full next to leading log (NLL) resummation is com-
puted [106, 107] for the inclusive cross section. This method gives the following cross
sections for a top mass of 175 GeV:

0i7(1.8 TeV) = 5.19 722 pb
0,7(1.96 TeV) = 6.70 37l pb .

All theoretical uncertainties are included in these results.

Although these very advanced NLO differential and even higher order inclusive cross
section calculations are available, until recently events generated for the full detector
simulation used only LO accuracy for the top pair production process. This was due
to problems in matching the beyond leading order calculations with the showering
required for full event generation. These issues have now been solved, and an event
generator has recently become available that treats the top pair production process to
NLO accuracy (MC@NLO) [108].

We show some results for this MCQNLO program for a proton-antiproton collider
at a center of mass energy of 1.96 TeV. In Figure 5.2(a) we compare the differential
cross section as a function of the transverse momentum of the top quark that we get
from MCQ@QNLO with the LO HERWIG [14] result. In Figure 5.2(b) we do the same for
the transverse momentum of the ¢ pair. At the high end of the second distribution,



Top pair production 77

% uf z |
—~ - ~—~ |
- L >
[<b] «b]
T 1F o ! F
~— o ~— C
= F = F
~— | -+~
& ~— o
S SIS
\b_ElO-l— & 1
o E o0 10 |
— o o o
o N — E
S =
'@ o -
. =3
Sw |
= F <= 10°F
1””111111111111111111111111, —111111111111111111111111§| L 1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
Wog(pr(t)/GeV) Wog(pyr(tt)/GeV)
(a) (b)

Figure 5.2: Differential cross section as a function of the transverse momentum of the
top quark (a) and the transverse momentum of the tt pair (b). The solid line is the
NLO result from MC@NLQO, the dashed line is the LO result from HERWIG. The total
LO cross section is scaled to the NLO result.

we see that the NLO prediction is higher than the LO prediction. This is because hard
emissions are treated correctly in the former.

After this short discussion of previous measurements and theoretical calculations,
we shall describe a measurement of the top pair cross section. In Chapter 6 we will
discuss the current state of the collider, the experiment and the trigger used for the
analysis, followed by a chapter on the identification of physics objects (like electrons
and jets). Finally, in Chapter 8 the actual analysis will be described.



78

Top pair production




Chapter 6

Experimental setup

6.1 The Tevatron collider

The Tevatron collider is a proton-antiproton collider situated at Fermilab, near Chic-
ago. The protons and antiprotons are produced and accelerated in a chain of accel-
erators before being injected into the Tevatron, which is depicted in Figure 6.1. The
first step in the chain is the Cockroft-Walton accelerator, where negatively charged
hydrogen ions are accelerated to 750 keV. Bunches of these hydrogen ions are acceler-
ated up to 400 MeV by a linear accelerator (the LINAC). The hydrogen ions are now
stripped of their electrons by going through a carbon foil, and are then accelerated
up to an energy of 8 GeV by the booster, a circular accelerator. At this energy the
protons are put into the Main Injector, which accelerates them either to 150 GeV for
injection into the Tevatron, or up to 120 GeV for the production of antiprotons. In
the later case, the 120 GeV protons are collided with a nickel target, producing many
secondary particles. About one in every 10° protons produces an antiproton among the
secondary particles. These antiprotons are collected and stored in the accumulator or
antiproton source. When enough antiprotons have been collected, bunches of protons
(at 150 GeV) are injected into the Tevatron by the Main Injector, followed by bunches
of antiprotons from the accumulator, which are also accelerated up to 150 GeV by the
Main Injector. The Tevatron finally accelerates the bunches of protons and antipro-
tons up to 980 GeV. The beams are made to collide at two interaction points along the
Tevatron, where the CDF and D@ experiments are located, resulting in pp collisions
at a center of mass energy of 1.96 TeV.

Luminosity

An important collider parameter is the luminosity. The instantaneous luminosity is
related to the number of particles that cross the collision region per unit of (transverse)
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Figure 6.1: Fermilab accelerator complex.

area per second. The event rate ‘ii—];[ of a certain physical process is proportional to the
instantaneous luminosity L:

(z—];] = L- Uproc . (61)
This proportionality constant oproc is called the cross section for that process. This
can obviously be measured in an experiment, and for certain well defined processes,
the cross section can also be calculated from theory. This makes the cross section a
very interesting property of processes, because it can be used to compare theory and
experiment. Integrating the previous equation, we see that the total number of events
available is determined by the integrated luminosity:

N
L dt =

At Oproc

(6.2)

The typical cross sections for processes that we are interested in are expressed in
picobarn (pb, 1 barn = 1072® m?), so the integrated luminosity is often quoted in units
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of inverse cross section, such as pb~!.

6.2 The DO detector

The DO detector is a general purpose detector which is optimized for the measurement
of electron and jet energies. It consists of several subdetectors, which are positioned
more or less symmetrically around the interaction point. Starting at the interaction
point, moving outward, the D@ subdetectors are:

e Silicon Microstrip Tracker (SMT);

e Central Fiber Tracker (CFT);

e Central and Forward Preshowers (CPS and FPS);
e Calorimeter;

e Muon system.

In addition to these subdetectors that cover more or less all directions, there are the
Luminosity Monitors which cover only a small region. A cross section view of the
detector is given in Figure 6.2.

The following convention for coordinates is used: The direction of the protons
is the positive z direction. The positive x direction points away from the center of
the Tevatron ring and thus the positive y direction points up. In hadron colliders,
pseudorapidity is normally used instead of the polar angle. The pseudorapidity 7 is
defined as n = —logtan (6/2), where @ is the polar angle (the angle with respect to the
proton beam).

6.2.1 Inner tracker

Together, the SMT and the CFT form the inner tracker. They are placed in a 2.0 Tesla
solenoidal magnet of about 1.2 meter diameter, which makes it possible to measure the
transverse momentum and the charge-sign of charged particles. A cross section view
of the inner tracker is given in Figure 6.3.

The SMT is composed of silicon strip detectors arranged in disks and cylinders
centered on the beam. Most silicon modules used are double sided, so that all three
coordinates of the hit position are measured. The number of hits on a typical track
(at low n) is 4.

The CFT is made of 830 pm diameter scintillating fibers. They are arranged in 8
layers between radii 20 and 60 c¢m, each layer containing a sublayer of axial fibers and
a sublayer of stereo fibers mounted under a 3 degree angle. Due to the high efficiency
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Figure 6.2: Cross sectional view of the DO detector.
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Figure 6.3: Schematic view of the inner tracker.

of the light collection, the typical number of measurements on a track should equal its
maximum value of 16 (8 points).

6.2.2 Calorimeter

The D@ calorimeter is a liquid argon calorimeter. It consists of three parts: the central
calorimeter (CC) and two endcap calorimeters (EC). The CC covers the area up to |7|
of 1.2, and the EC extends the coverage in |n| to above 4.0.

Each calorimeter is built up out of the inner electromagnetic (EM) layers, followed
by the fine hadronic (FH) layers, and the coarse hadronic (CH) layer furthest from the
interaction point. The electromagnetic and fine hadronic layers use uranium absorber
plates, while both copper and stainless steel is used in the coarse hadronic. Each layer
is split into cells, which have a size of about Anx A¢ = 0.1 x 0.1, except for the third
EM layer which has double the granularity. This is the layer in the calorimeter where



84 Experimental setup

electrons are expected to deposit most of their energy. The improved segmentation
here gives a better position measurement of the electrons. Beyond |n| of 3.2 the overall
cell size is increased to An x A¢ = 0.2 x 0.2, so that the physical size of these cells
is still reasonable. The cells are arranged in towers. The arrangement of towers is
projective, i.e. the towers point toward the interaction point, but the cells themselves
are not. This can clearly be seen in Figure 6.4.

0.0 0.2 0.4 0.6 0.8 1.0

NP«

o
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Figure 6.4: Side view of a quarter of the calorimeter. The lines with numbers at the
end are lines of constant n. This is a picture of the Run I detector, so the depiction of
the area inside and between the calorimeters is not correct for Run II.

In between the cryostats of the forward and central calorimeters scintillating ma-
terial has been placed (covering 1.1 < |n| < 1.4) to improve the energy measurement

for particles traversing this area. This subdetector is called the intercryostat detector
(ICD).

6.2.3 Preshowers

The central and forward preshower detectors are placed before the CC and EC calorime-
ters. They consist of lead radiators combined with scintillating material. These are
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intended to be used for particle identification. As these were not well understood at
the time of this analysis, they were not used.

6.2.4 Muon system

The DO muon system consists of several layers of drift chambers and scintillators,
combined with a toroidal field solid-iron magnet. A detailed description can be found
in [109]. Here it will suffice to say that the system can both identify and measure the
momenta of muons out to |n| of 2.0.

6.2.5 Luminosity Monitor

The delivered luminosity (which is an important quantity, as we have seen) at DO is
measured by looking at the total event rate for pp inelastic interactions. This rate is
measured by hodoscopes of scintillation counters mounted close to the beam on the
inner surfaces of the endcap calorimeters. As the acceptance of the hodoscopes and
the total cross section of pp inelastic interactions (measured by CDF, E710 and E811)
are known, the instantaneous luminosity can be calculated (Eq. 6.1).

6.3 Trigger

6.3.1 Trigger system

For the analysis described in this thesis three different parts of the detector system
are used for triggering purposes: the calorimeter, the muon system and the luminosity
monitors.

Overview

The DO Run II trigger system is designed to operate in a high rate environment,
taking an input rate of 7 MHz (132 ns bunch crossing time, at present the bunch
crossing time is 396 ns) and filtering out interesting physics events at the rate of 50 Hz,
without incurring more than 5% deadtime. The trigger system is organized in three
major levels, the hardware based Level 1 (L1) and Level 2 (L2) and the software based
Level 3 (L3). We will describe the state of the trigger as it was used to collect the data
used in this analysis.

The hardware L1 trigger takes input from the calorimeter, the muon system and the
Luminosity Monitor, and produces as output a list of trigger terms. The L1 Framework
(LIFW), employing a series of Field Programmable Gate Arrays (FPGA’s), examines
these trigger terms and issues a L1 accept when certain criteria are met.



86 Experimental setup

The L2 trigger is comprised of two stages, a preprocessor stage and a global pro-
cessor stage. In the preprocessors stage, each individual subdetector forms physics
objects. In the global processor stage, physics objects from the different preprocessors
can be combined to make the final L2 trigger decision.

Once a L2 accept has occurred, digitized data is loaded onto the single board com-
puters (SBC) that sit in the front-end crates. Data from the SBCs are then transferred
to the L3 farms where sophisticated filter codes are run to identify interesting events.
At this level close-to-offline reconstruction of physics objects like electrons, muons, jets,
missing Ep is performed. Events satisfying L3 filter requirements are then transferred
to tape for offline reconstruction.

Calorimeter

At L1, calorimeter triggering is based on towers. The size of these trigger towers is
0.2 x 0.2 in n X ¢ space. Both the energy deposited in the EM layers of the tower
and the total energy deposited in the tower (excluding the coarse hadronic layers) is
available. Triggers can be set to require a number of both EM and total towers above
certain thresholds in Fp. An example is CEM(1,10)CJT(2,5)". This requires an EM
tower with Ep > 10 GeV, and two total (jet) towers above 5 GeV. It should be noted
that the EM and total towers are not exclusive, so the EM tower above 10 GeV will
also count as one of the total towers.

At L2, trigger decisions are also based on towers. L2 receives from L1 all trigger
towers, both the EM Er and total Ep. L1 also sends two seed masks (one for EM and
one for total), which have bits for every trigger tower. The EM bit in the seed mask
is set to 1 if the trigger tower has at least 1 GeV of EM E;. The total bit is set to 1
if the trigger tower has at least 2 GeV total Ep. The L2 calorimeter algorithms will
only attempt to find jets or electrons around trigger towers for which the seed bit is
set. Electromagnetic (EM) and jet objects are handled in different ways.

For every EM seed tower, the neighbor with the largest EM Ep deposit is found,
out of the 4 neighboring towers. The seed tower and its largest neighbor form the L2
electron. The total Ey of the electron is the sum of the energy deposited in the EM
layers of the two towers. The EM fraction of the L2 electron is the sum of the EM
E7’s of the two trigger towers divided by the sum of the total Er’s of the two trigger
towers. Trigger requirements can be placed on both the E7 and the EM fraction of the
L2 electrons.

For total (jet) seed towers all energy deposited in the 3 x 3 or 5 x 5 tower region?
around the seed tower is added, and this is defined as a L2 jet. The E; of the L2 jet
is the sum of the total transverse energy deposited in these 9 or 25 towers. Trigger

!'The C in CEM and CJT indicates that this is a calorimeter trigger term.
2The algorithm was changed during the period that the data used in this analysis was taken.
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requirements are set on the number and £ of the L2 jets. Because of the algorithm
used, all L2 electrons that pass a certain Ep requirement will also pass as a L2 jet of
the same Erp.

Both L1 and L2 use a readout of the calorimeter based on towers ( “trigger readout”)
which is separate from the cell based readout (“precision readout”) which is used for
L3 and offline reconstruction.

At L3, the full cell information of the calorimeter is available. Again, L3 electrons
and jets are treated differently. L3 electrons start out using a narrow cone (0.4) jet
algorithm (based on towers). This defines the electron cluster. In the next step, only
cells within a AR = v/A@? + An? of 0.25 around the axis of this cluster are used to
define the electron object. Trigger requirements can be placed on the Ey (which is the
sum over all layers), EM fraction and width of the energy deposit in each of the EM
layers. The width in EM layer [ is defined as

B JA@? + An?
_ i o7 + An (6.3)

> Ei ’

with i running over cells of the cluster in the /' EM layer, and A¢ and An the distance
(in ¢ and n) between the cell and the cluster axis.

L3 jets are found by using a cone algorithm (based on towers) with a cone size of
0.7. No splitting and merging of jets is performed. Again, because of the algorithms
used, every electron above a certain E; threshold will also show up as a jet above that
same threshold.

l

Muon

At L1, the trigger looks for hit coincidences between different layers of the muon
scintillators and drift chambers. A coincidence with hits consistent with a pp interaction
in the Luminosity Monitor can also be required. At L2, the drift chamber information
is combined with the scintillator hits to do a full reconstruction of the muon. The same
thing is basically done in the L3 trigger, only with higher precision.

For this analysis, muon based triggers were only used to define samples (for trigger
studies) that are unbiased with respect to calorimeter triggers.

6.3.2 Signal trigger

The tf events that we are interested in for this analysis have the following event signa-
ture (see Section 8.1): one isolated electron and four or more jets. The signal trigger
used to select these events relies solely on calorimeter information at all three levels
of the trigger system. In designing this trigger, we have noted two important points:
the single electron trigger rate is very high and runs the risk of being prescaled at high
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luminosity running, and we want to maximize efficiency by avoiding an overly stringent
selection on the electron. We also note that, since there are several jets in signal events,
it is efficient to require at least one jet. Therefore, at all three trigger levels, we select
one moderate pr electron and one jet.

The used trigger is called EM15_2JT15, and the requirements at each level of the
trigger are?:

o L1:
— one L1 electron with Ep > 10 GeV ( CEM(1,10) )
— one L1 jet with By > 5 GeV ( CJT(1,5) );
o L2
— one L2 electron with E7 > 10 GeV, EM fraction > 0.85 ( L2EM(0.85,10) )
— one L2 jet with Ep > 10 GeV;
o L3:

— one L3 electron with Ep > 15 GeV, EM fraction > 0.90 and shower shape
cuts of Wy < 0.09, W5 < 0.08 and W3 < 0.05 ( L3Ele(SH,15) )

— one L3 jet with Ep > 15 GeV.

6.3.3 Single object trigger efficiencies

Trigger efficiencies are measured from data. To obtain an event efficiency in this
situation for signal events, we measure the per-electron and per-jet efficiencies and fold
them into the signal simulation to measure a probability that an individual event would
fire the trigger.

We measure efficiencies for single objects with respect to py and 7 for each trigger
term. An independent control sample, unbiased with respect to the trigger under test
(“test trigger”), is defined. In such an unbiased sample, offline objects are identified,
yielding the unbiased reference sample with a certain py- or n-spectrum. The fraction
of these events, for which the test trigger has fired, is a measure of the trigger efficiency
with respect to the offline object py or 7. The resulting dependence of the efficiency
versus py is also termed ‘turn-on curve’.

31t has been noted that at all levels of the trigger, electrons above a certain pr threshold also show
up as a jet above that same threshold. We will not list those objects here. When one jet is required,
we mean one jet in addition to the electron.
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EM objects

The electron trigger efficiencies are measured on events which were triggered by the
muon system and which have an offline reconstructed electron. All offline electron
energies are corrected with the EM energy corrections.

The L1 turn-on curve for CEM(1,10) is shown in Figure 6.5(a). The trigger effi-
ciency is not 50% at 10 GeV, indicating that the gain of the L1 energy readout is low.
The trigger reaches saturation at approximately twice the threshold. Figure 6.5(b)
shows the efficiency as a function of detector? n for electrons that have py > 20 GeV.
There is low statistics around |np| = 1.3 because hardly any offline electrons are re-
constructed in this region. The EM layers don’t have complete coverage in this ICD
region, resulting in very low efficiency for electrons to pass the offline EM fraction
requirement.
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Figure 6.5: Efficiency for an electron to fire the CEM(1,10) trigger term, as a function
of offline electron pr (a) and detector n (b).

The Level 2 electron efficiency for L2EM(0.85,10) is 100 % for electrons with an
offline pr > 10 GeV that have already passed L1 CEM(1,10).

“Detector i (np) is the n calculated from the electron cluster position (see Chapter 7) and (0, 0,0).
Detector 7 is thus directly correlated with the position of the cluster in the calorimeter. This is
different from the usual 7 (also called physics 1), which is taken from the direction of the track that
has been associated with the electron.
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The Level 3 electron efficiency for L3Ele(SH,15) is measured on the Mark&Pass
events for the EM15_2JT15 trigger. These are events that passed the L1 and L2 re-
quirements of the trigger, but where no trigger requirements were made at 3. Thus this
efficiency is measured on objects that have passed the L1 and L2 electron requirements,
and look like electrons offline. In Figure 6.6(a) its turn-on curve is shown, for events
that have already passed the L1 & L2 requirements discussed above. Figure 6.6(b)
shows its efficiency as a function of detector n for electrons that have p; > 20 GeV.
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Figure 6.6: Efficiency for an electron to fire the L3Ele(SH,15) trigger term, as a function
of offline electron py (a) and detector n (b). This is for electrons that have already
passed the L1 and L2 electron requirements.

Jet objects

The Level 1 efficiency for jets to fire the CJT(1,5) term is shown in Figure 6.7 as a
function of the reconstructed jet pr and detector n. All offline jet energies and momenta
are corrected with the Jet Energy Scale, which is described in Chapter 7. There are
dips in the efficiency in the ICD region (around |np| = 1.1) because the gain of the
trigger readout is too low in this region. The efficiency falls off rapidly for |np| > 2.4
because the trigger readout was not instrumented in that region.

The efficiency for a jet that has passed L1 CJT(1,5) to fire the L2 jet trigger with
a threshold of 10 GeV is shown in Figure 6.8(a) as a function of the reconstructed jet

pr.
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Figure 6.7: Efficiency for a jet to fire the CJT(1,5) trigger term, as a function of offline
jet pr (a) and detector n (b). The plot as a function of detector n is for jets with an
offline py > 30 GeV.

The Level 3 jet efficiency as a function of reconstructed jet pr is shown in Fig-
ure 6.8(b) for a Level 3 jet threshold of 15 GeV. This is for jets that have already
passed L1 CJT(1,5) and the L2 jet trigger at 10 GeV.

No parameterization was used for the jet turn-on curves. The full n and p; depen-
dent trigger curve is folded with the simulated MC jets distribution in order to obtain
the jet part of the trigger efficiency for ¢ events.

6.3.4 EM15_2JT15 efficiency

For the analysis, we require that the electron is in the Central Calorimeter (see Chap-
ter 8). Thus in this section where the final trigger efficiency is derived, trigger turn-on
curves are used where the electron was required to be in the CC.

The turn-on curves for the EM and the jet terms for the three levels of trigger
combined can be observed in Figures 6.9(a) and 6.9(b) respectively. For the electrons,
we take only the pr dependence into account, because there is not enough statistics to
use the full n and pyr dependence. It should be noted that the n dependence is rather
flat in the region used (|np| < 1.1). The parametrization used for the pr dependence
is shown in the figure. For the jets, we take the full  and p; dependence of the trigger
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Figure 6.8: The efficiency for a jet to fire the L2 (a) and L3 (b) jet trigger, as a function
of offline jet py.

efficiency into account, which is shown in Figure 6.10°. To obtain the trigger efficiency
for the ¢t events, we assume that the trigger terms factorize:

e =epu x [1— JJ(1 = g5)] - (6.4)

jets

When we fold the measured single object trigger efficiencies into the ¢¢ signal MC (using
the above equation), we find a total trigger efficiency of 92 + 1%.

The assumption of factorization could break down in the case where a jet fires
part of the electron trigger. We studied the effect where the jet fires the L1xL2 EM
requirement, and the electron fires the L3 EM requirement. This could happen if the
electron goes through a L1 trigger tower that is dead. By looking at the trigger turn-
on curve for jets to fire the EM trigger (see Figure 6.11) it was shown that at most
50% of the electron L1xL2 inefficiency can be recovered by this scenario. Therefore
we will quote a 2% systematic uncertainty due to factorization. Thus the final trigger
efficiency used is 92 + 1 + 2%. The number given is the efficiency corresponding to
those events passing all selection criteria and cuts.

°In this figure we can again see the low gain in the ICD region.
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Figure 6.9: The combined L1xL2xL3 trigger efficiency for electrons (a) and jets (b),
as a function of offline py.

6.3.5 Other triggers

In addition to the EM15_2JT15 trigger other triggers were used. Examples of these
are a single electron trigger, which was used in the analysis described in Chapter 8
to estimate the bias on the number of jets in an event introduced by requiring a jet
in the trigger, and a two electron trigger used to define Z — ee samples for electron
identification studies described in Chapter 7. Other examples are the muon based
triggers, which were used to select unbiased samples for calorimeter trigger studies.
The efficiency for these triggers was not derived, because the studies that they were
used for do not depend on the trigger efficiency.

6.4 Data processing

After having passed the L3 trigger, events are written to tape in the raw data format.
These events are later reconstructed on a dedicated farm of computers by the DO
reconstruction program (dOreco). This program takes the raw data from the detector
and reconstructs physics objects (electrons, tracks, jets), writing out these objects into
a mini-DST, the so-called Thumbnail format. The next step is to select interesting
events from this full set of events, based on simple requirements on the physics objects
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or by requiring that the events passed a certain trigger. This process is called skimming.
The skimmed samples (which are still in Thumbnail format) are now processed through
a program called top_analyze, which applies all the required energy corrections to the
objects (see the next chapter), applies most of the object identification criteria, and
does an even tighter selection of events. For the events selected in the top_analyze
stage, a root tuple is written out containing all the information about the physics
objects in the event. The final stage is a set of root macros that extracts the results
from these root tuples.

6.5 Signal and background simulation

Apart from the actual data events, we also need simulated events. These events are
used for estimating acceptances and certain efficiencies.

We simulated the ¢t signal and the W+jets background processes using ALPGEN
1.1 [110] for calculating the matrix elements, and PYTHIA [13] to perform the parton
showering and hadronization of the ALPGEN partons. PYTHIA was also used to
generate simulated Z — ee events. The output of PYTHIA is then processed through
dOgstar (a GEANT simulation of the DO detector). This step propagates the PYTHIA
particles through a computer model of the detector, calculating how much energy the
particles deposit in the material they traverse.

The next step in the simulation, dOsim, models the response of active material in
the detector to these energy deposits. It also models the electronics that reads out
these responses. In addition, it adds minimum bias events to the events. This models
the fact that during any bunch crossing, except for the hard collision, there might also
be one or more soft proton-antiproton collisions. The number of added minimum bias
events is taken from a Poisson distribution with a mean of 0.8 events, which corresponds
to the rate expected for the luminosity at which the data used for the analysis in this
thesis was taken. Finally, dOsim writes out a raw data format that is equivalent to the
raw data format that comes from the detector. These simulated events can thus now
be processed exactly the same as real data events.

Simulated events that are produced in this way are called Monte Carlo (MC) events.



96

Experimental setup




Chapter 7

Object identification

In this chapter we will discuss how the different physics objects used in this analysis
(electrons, jets and neutrinos) are identified in the detector.

7.1 Electrons

7.1.1 Electron reconstruction and variables

Electrons are reconstructed from information from the calorimeter and tracking sub-
detectors. This typically proceeds in two stages; a cluster is formed in the calorimeter,
and subsequently confirmation is sought from the tracker.

Calorimeter reconstruction

At the reconstruction stage, an EM cluster is defined as a set of towers in a cone
of radius R = /An? + Ap? = 0.4 which have a minimum transverse energy of 1.5
GeV. Among all reconstructed clusters, genuine EM showers produced by electrons
or photons are expected to have a large EM fraction fgy = Frwm/FEiot, where Egy is
the cluster energy in the EM section of the calorimeter and FE, is its total energy
within the cone (the EM fraction of a cluster can be greater than one because of
the noise subtraction used on the calorimeter cells). In addition, genuine EM showers
should have a longitudinal and lateral development compatible with that of an electron.
Each cluster is attributed a xZ,, (also called "H matrix’) based on the comparison of
the energy deposited in each layer of the EM calorimeter with average distributions
obtained from Monte Carlo simulation®.

!The variables used in the calculation of xZ,,, are: energy fractions in EM1, EM2, EM3 and EM4,
two cluster sizes in EM3 (one in the ¢ direction, and the other in the direction perpendicular to ¢ in
the EM3 plane), 1% log E, and zyertex(€) /2w, where z,, = 28 cm is the z width of the vertex distribution.
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Electron candidates are selected by requiring that
fem > 09 and %, <20 (8d.o.f.). (7.1)

We additionally require that the cluster is isolated:

FEit(R < 0.4) — Fgm(R < 0.2)
iso — < 015 . 72
4 B (R < 0.2) (7.2)

Central track confirmation

The electron reconstruction in the calorimeter suppresses a large portion of the QCD
background contamination. However, due to the overwhelming nature of this back-
ground, the additional rejection of a matching central track has typically been required.
This also rejects photons, in which we are not interested for this analysis.

For each EM cluster candidate and each available track, a x2, defined as

dp 2 (5,2)2 (ET/pT—1>2

2

track — — +{—| +|— , 7.3
XEM —track (@7) o, o1 ( )

is computed. In these expressions:

e Jyp (resp. 0z) denotes the difference between ¢ (resp. z) of the track impact at
the third EM layer and ¢ (resp. z) of the center of gravity of the cluster position
measured therein;

e Ey/py is the ratio of the measured transverse energy of the cluster to the mea-
sured pr of the track;

® 0,, 0, and oy, are the root-mean-square (RMS) of the experimental distributions
of the three associated quantities (0p, 0z and Ep/py — 1).

A cluster is matched when the condition Prob(x%u/_iracks Naor) > 1% is met by at
least one track. If more than one track meets this condition, the one with the highest
Prob(X% v —irack> Ndog) 1s selected.

Likelihood confirmation

The confirmation of an electron through the presence of a central track is a power-
ful technique. However, in seeking to reduce the background further one may take
advantage of further pieces of available information.

For this analysis, we will replace the step of track confirmation with a likelihood-
based confirmation which has the advantage of taking into account more pieces of
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information, and which provides characterization of both the background and the signal
shapes.

Further, we will extract the discrimination in the Ep/py variable directly as part of
the likelihood, rather than including it in the EM-track match yx? quantity. This frees
us from assuming that the distribution is Gaussian, and allows us to take advantage of
our knowledge of the shape of the background as well. Thus, the likelihood will include
six quantities:

lOg (PTOb(szatial))J where
dp ? 52\’
szatial = (O'_> + (O'_> ) (7'4)
7 2

e H matrix or x%,,, described above;

e Er/pr, described above;

e EM fraction, or fgy, described above;

e Distance of Closest Approach (DCA) measures the shortest distance of the se-
lected track to the line parallel to the z axis which passes through the primary
vertex position;

e Track isolation (ARy) measures the distance in R to the track second closest to
the EM cluster, with the assumption that the closest track is likely to be due to
the passage of the electron.

7.1.2 Sources of background

As discussed in [111], the predominant sources of background to reconstructed elec-
trons are 7 showers with an overlapping track from a charged particle and photons
converting to eTe™ pairs. Without a measurement of the energy loss, dE/dz, it is
difficult to separate these two components of the background?.

In terms of the variables defined above, photon conversions may be marked by
the presence of a second track extremely close to the EM cluster, and a large Ey/py;
their calorimeter quantities, however, would be nearly identical to that of an electron.
Asymmetric conversions would give a nearly irreducible background as the second
electron may be very soft.

21t should be possible to study the behavior of both components separately by looking at Monte
Carlo events. In practice, this is hard due to the very small probability of having a fake electron in
an event.
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Neutral pions may also have nearby tracks, as they are produced in association with
other charged hadrons; if the track and the EM cluster arise from separate objects then
their Er/pr would not tend to be one and their track matching would be poor. Their
X%, and fgy may be worse due to the surrounding hadrons.

7.1.3 Likelihood formulation

We begin with an empirical description of typical distributions
P(z|sig), P(Z|bkg)

in a vector of variables T for signal and background objects, respectively. Assuming
flat prior distributions, we can describe

Piig(T), Porg(T) -

We further make the simplifying assumption that P is uncorrelated in 7 (see Figure 7.1)
so that

P(z) =[] P(x:) .

To select between objects that are likely to be signal and those that are likely to be
background, we form a simple discriminant:

P, sig (T)

D@ =5 @t Py

7.1.4 Likelihood performance
Dataset definitions

We construct two typical samples, one enriched in electrons and the other in back-
ground. We do this for both the central (|np| < 1.1) and endcap (1.5 < |np| < 2.5)
calorimeters and treat these separately. The region in between (1.1 < |np| < 1.5) is
not used, because the coverage of the EM layers is incomplete there, resulting in very
few electron candidates in this region.

The electron sample is selected from Z — ee events, requiring:

e 2 EM clusters, each with:

— pr > 20 GeV,
— X2 < 20, frn > 0.9, fiso < 0.15;



7.1 Electrons 101

~ OF
(ST
~~45F
& F
m 4=
3.5F
3F
25F
2k
] R T Y| LI
F Boe s e e
e T T T S §
0.5F
) PP EMUIFI RN I B B I PTEFEN FEPENIN EFEPEEPE EPEPEUPE EPETEPETE EPEAPE
0 0.5 15 2 25 0.5 1 15 2 25
ARQ ARQ
< 2F - EZO =
°‘>318:— N>318 -
165 16[g -
= ] ]
14f 14 =
12F . 120 -
D »
10 - 10 - =
. . e
Lo e e e . .-
L ] el o SEm -
:- - - - [ ] -om - L]
6 . "R R [ ] 6 Com
] " EEm " P T - |- "l I T
4:_, [ ] L = [ ] EEE - . -=. 4 .: ........
o m! B -
2 -l 2
F W
| SPRPN M ALY KA SN PR L I | PP I I I L] B
0 15 2 25 3 0 0.5 1 15 2 25
ARQ ARQ
- 20 20 - "
Sk S F.oi ot
N C N o
18F . wE - -m- .
>< : . >< : (1 B
16 . 16 "
14 - 14
12F o 12F R
10 .- 10 .
s . l.. 8f .
6:— S ams 6:— "
3 R F. .
C mm= E. .
a- Y K i .. .
o -EH - L=
2 -ull- 2
N -mn N
ST FRRTE F TR FUTTL FTEY EVRTYSYTRY FYUTY FYRRAITEY b buivitivn b bivn b b b b,
0 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
ET/pT ET/pT

Figure 7.1: Correlations between selected variables used in the construction of the
likelihood, for the central calorimeter signal (left) and background sample (right). Dis-
tributions are shown only for those electrons which have a track candidate (as defined
in the text).
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Sample CC| EC

Signal 7% | 63%
Background | 6% | 15%

Table 7.1: Efficiency to have an associated track candidate for signal and background
samples, in the central and endcap calorimeters. Because these are rough indications
that should be recalculated in the actual sample used, no errors are given.

e 80 < Myy,(e,e) < 100 GeV.

The background sample is selected from EM-+jet events, which are dominated by QCD
di-jet and y+jet events by requiring:

Exactly 1 EM cluster, with:

— pr > 20 GeV,
— X2 < 20, frn > 0.9, fis < 0.15;

HFr < 15 GeV, Fr is defined in Section 7.3;

Exactly 1 jet, with pr > 15 GeV;
o AR(e,jet) >2.5.

In both samples, we require that the EM object be associated with a track candidate.
This association is made to the track with the largest Prob(X% s _irack Naof) which
satisfies an initial selection®:

|A¢EM,track| < 005, |A7]EM,track| < 0.05. (75)

The efficiency to be associated with a track candidate is given in Figure 7.2 for both
the central region and the endcap calorimeters, and summarized in Table 7.1. After
this requirement each of the samples (signal/background, CC/EC) has between 500
and 3000 EM clusters.

Central Calorimeter

In the central calorimeter, we restrict the EM clusters to |np| < 1.1. Distributions of
the six variables are given in Figure 7.3 for both signal and background samples. These
distributions are used to construct the individual probabilities P(x;) with which the
joint probability P(Z) and the discriminant D(ZT) are built. Each of the variables shows
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Figure 7.3: Distributions of variables used in the likelihood for central calorimeter
signal and backgrounds samples, as defined in the text. Distributions are shown only
for EM objects which have a track candidate.
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Figure 7.4: Distribution of the discriminant D(T) for central calorimeter signal and
background samples, as defined in the text. The discriminant includes the information
of all variables.

some discrimination between the two samples. The distribution of the discriminant
D(Z) built of all variables is shown in Figure 7.4 for both signal and background
samples.

By varying the cut on the discriminant, both the signal and background efficiency
change, giving curves in the signal/background efficiency plane. These curves are

3The typical resolutions for Adga track and Angastrack for real electrons are 0.008 and 0.007
respectively.
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Threshold | Signal Eff. | Background Eff.
Central Calorimeter

D > 0.15 97% 50%

D > 0.40 84% 25%
Endcap Calorimeter

D > 0.06 96% 20%

D > 0.40 88% 10%

Table 7.2: Sample selection points and their efficiencies, assuming an associated track.
Because these are rough indications that should be recalculated in the actual sample
used, no errors are given.

shown in Figure 7.5 for discriminants using different combinations of variables. A
simple likelihood which contains only the information regarding the spatial matching
and the Er/pr performs just as well as the track matching based on the X%/ irack
quantity, with a small improvement in performance at very high efficiencies. Using
the full information available in the six variables, we achieve a marked improvement in
background rejection at a given electron efficiency. Note that the signal and background
efficiencies assume an associated track, the efficiency for which is given in Table 7.1.

We compare the performance of the likelihood to that of cutting on the variables
directly by performing a random grid search over cuts on the six likelihood variables.
Figure 7.6 shows that the likelihood provides superior performance.

We investigate the discriminating power of each individual variable by comparing
the discrimination achieved by the full likelihood to that achieved by the likelihood
constructed without that variable. Figure 7.7 shows that each variable, with the ex-
ception of szatmza contributes unique discrimination. That szatial doesn’t contribute
is surprising, because Figure 7.3 shows some discrimination for this variable. This
can probably be explained by the fact that other variables (DCA and Ey/py) contain
information about the quality of the track match.

Examples of selection points for the likelihood discriminant and resulting signal and
background efficiencies are given in Table 7.2.

Endcap Calorimeter

In the case of the endcap calorimeters, we restrict ourselves to the region 1.5 < |np| <
2.5. Figures 7.8 and 7.9 show the variables and the signal and background efficiencies.
Note that the signal and background efficiencies assume a candidate track, the efficiency
for which is detailed in Table 7.1. See Table 7.2 for examples of selection points.
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Figure 7.5: Signal and background efficiencies in the central calorimeter for likelihoods
using different combinations of variables (Cal means that the calorimeter variables
fem and x%,, are included in the likelihood). The curves are produced by varying
the thresholds of the discriminants. Note that the signal and background efficiencies
assume a candidate track, the efficiency for which is detailed in Table 7.1.
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Figure 7.6: A comparison of the performance of the track matching, the likelihood and
a grid search in the central calorimeter over the six likelihood variables.

7.1.5 Likelihood topological dependence

The construction of the likelihood and its efficiency measurements have been conducted
on electrons from the decay of the Z. This likelihood discriminant has potential ap-
plication to other analyses, in which the topology of the event may be very different.
We examine the topological dependence of the signal efficiency at a fixed discriminant
threshold. Figure 7.10 shows that the efficiency is fairly stable as a function of jet
multiplicity, track multiplicity and electron p; and np.

7.1.6 Calorimeter reconstruction efficiency

The efficiency for finding an EM cluster for an electron in the central calorimeter (the
reconstruction efficiency) is measured in data. This is done because the Monte Carlo
description of energy deposits in the cracks between the CC calorimeter modules is
known to be unreliable.

We measure this reconstruction efficiency by selecting a Z — ee sample, where one
of the electrons (the tag side) is required to be found as an electron with a track match,
and for the other electron (the probe side) we just require that we find a track. We
then find the reconstruction efficiency by counting in how many events the track can
be matched (in ¢) to an EM cluster. The background to the Z events is taken into
account by comparing like-sign and unlike-sign electron pairs. Further cleanup of the
background is achieved by number of hits requirements on the tracks, and a significance

cut on the - (and thus the charge) measurement.
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Figure 7.7: Signal and background efficiencies in the central calorimeter for varying
thresholds of the discriminants, where information from an individual parameter is
removed in order to probe its individual discrimination power. Note that the signal
and background efficiencies assume a candidate track, the efficiency for which is detailed
in Table 7.1.
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Figure 7.11: (a) Invariant mass of EM-track pairs, for both like-sign and unlike-sign
pairs. (b) The reconstruction efficiency as a function of the modulo of ¢(track), see
main text for explanation.

Figure 7.11(a) shows the invariant mass for both the like-sign and unlike-sign EM-
track pairs. It clearly shows the wide Z peak (because of low pr resolution for high pr
tracks) and the low amount of background.

Using a narrow mass band for the Z (80 — 100 GeV), we find a reconstruction
efficiency of 95.5 + 0.7% for the CC. For comparison, the MC gives a reconstruction
efficiency of 98.8 4 0.3%. The measured reconstruction efficiency does not depend on
the z position of the electron in the calorimeter (and thus not on 7). In the CC, there
are small cracks in the ¢ direction between the calorimeter modules. The effect of
these can be seen in Figure 7.11(b), where we plotted the efficiency as a function of
(¢(track) + 0.1) mod 7/16, which basically means that all 32 ¢ modules are overlaid,
and the crack should show up at ¢ = 0.1. No background subtraction was used for this
plot.

Because there is a slight dependence of the measured reconstruction efficiency on
the mass band used, we assign a 2% systematic uncertainty to the measured number.
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Figure 7.12: Invariant mass of EM pairs, without and with calorimeter cluster selec-
tion cuts on the probe electron. For both distributions the tag electron has passed
calorimeter selection and likelihood cuts.

7.1.7 Electron selection efficiency

The electron selection efficiencies are computed using electrons in the Z — ee sample.
One of the electrons is used for tagging purposes, and the other (probe electron) is
used to evaluate the efficiency. The tag electron is required to pass calorimeter cluster
selection and likelihood cuts, so that the sample has little background. The cut under
study is then applied to the probe electron. The number of probe electrons that
survive this cut gives (after background subtraction) the efficiency for this cut for real
electrons. As the systematic uncertainty on this number we take the difference between
three methods of estimating the background in the Z — ee sample, one using sidebands
and the others using linear and exponential fits. We use this method to measure both
the cluster selection and the likelihood efficiency.

To give an indication of the statistics available in the Z sample, in Figure 7.12 we
show the EM pair invariant mass for all events (which pass the requirements on the
tag electron) and those events where the probe passes the calorimeter cluster selection.

Calorimeter cluster selection

The fraction of electrons satisfying the calorimeter cluster selection cuts (x%, <
20, fEM > 0.9, fiso < 015) is

eip = (87.7+ 0.7 stat + 1.1 syst) % (7.6)
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CC EC

>=0 jets | 82.1 = 0.8 stat + 1.1 syst | 82.9 + 1.2 stat 4 0.6 syst
>=1 jets | 79.2 £ 1.8 stat = 1.0 syst | 81.7 £ 3.2 stat £ 2.0 syst
>= 2 jets | 73.8 = 4.3 stat +£6.0 syst | 91.9 + 4.5 stat + 8.7 syst

Table 7.3: The efficiency (in %) for electrons that have an associated track to pass the
discriminant cut.

in the CC and
emp = (97.2 £ 0.5 stat + 1.3 syst) % (7.7)

in the EC.

Likelihood

The likelihood requirement consists of two parts, the first is the requirement that
the EM candidate is associated with a track, and the second part is the likelihood
discriminant® cut itself. The efficiency for an electron to pass both requirements is

epg = (72.2 £ 0.8 stat £ 0.9 syst) % (7.8)
in the CC and
eLn = (53.2 £ 1.3 stat £ 0.2 syst) % (7.9)

in the EC®. We are also interested in the efficiency for just the likelihood discriminant
cut, because in the next chapter we will define a sample of loose electrons as those that
pass the calorimeter cluster selection criteria and have a track associated with them,
and a sample of tight electrons as the ones that also pass the discriminant cut. We
need to know the efficiency for electrons to go from loose to tight, which basically is
the efficiency for electrons (that have a track associated) to pass the discriminant cut.
This efficiency is shown in Table 7.3. There is no significant dependence on the number
of jets, which was already shown in Figure 7.10.

4We have chosen a cut of D > 0.4. This point was chosen such that the efficiency of the likelihood
is the same as that of the central track confirmation, which was used in a previous version of this
analysis.

>The efficiencies found here are slightly lower than the ones given in Tables 7.1 and 7.2. This is
because those efficiencies were derived on the sample that the likelihood was trained on, where the
efficiencies given here are derived from the full data sample.
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7.1.8 Electron energy corrections

The energy lost by electrons in the material in front of the calorimeter (solenoid and
preshower) has been studied using a detailed simulation. It is parameterized as a
function of 7 and electron energy. This parameterization is used to correct the data.

Energy corrections for the energy lost in the ¢ cracks between the CC modules are
also applied.

7.2 Jets

7.2.1 Jet reconstruction

Jets are reconstructed at DO using the improved legacy cone algorithm [112] designed
following the recommendation of the Run2 QCD workshop.

In the first step of this algorithm, energy deposits are segmented in towers of 0.1 x0.1
in n X ¢. If the transverse energy of a tower is above 0.5 GeV, it is used as a seed for
the precluster stage, in which preclusters are formed with a cone size of Ry, cciuster =
VAR F AP =0.3.

In the next step, all preclusters with Er > 1 GeV in a cone of size R are combined
to give the starting points of the final jets. The direction of these starting points is
given by the Ep weighted average of the n and ¢ of the preclusters.

Next, the energy deposited within a cone of size R around these starting points is
accumulated, and the new (n, ¢) direction is calculated by Er weighted average of the
energy deposits. This step is repeated until the direction of the jets is stable.

If two of these stable jets are separated by more than R but less than 2R, a new
jet axis is defined at the midpoint of the two jets, which is then used as a precluster
to try and reconstruct a jet around.

Finally, if two jets share more energy than half the energy of the lowest energy jet,
they are merged. If less energy is shared, each of the shared clusters is assigned to the
closest jet.

For the cross section measurement in this thesis, a cone size of R = 0.5 is chosen.

Once jets are clustered with the cone algorithm, further quality selection cuts are
applied to each jet. These criteria are aimed at removing fake jets:

e To remove isolated electromagnetic particles a cut on the fraction of energy de-
posited in the electromagnetic section of the calorimeter (fgy) is applied at
0.05 < fem < 0.95.

e To remove jets which predominantly deposit their energy in the coarse hadronic
section of the calorimeter, a cut on the fraction of the jet energy deposited therein
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(CHF) is applied at CHF' < 0.4. This cut is essentially aimed at removing those
jets which cluster around noise in the coarse hadronic section.

e To remove jets clustered from hot cells, a cut on the ratio of the highest to the
next-to-highest transverse energy cell in the jet (HotF') is applied at HotF < 10.

e To remove jets clustered from a single hot tower, the number of towers containing
90% of the jet energy (n90) is required to be greater than one.

7.2.2 Jet Energy Scale and resolution

Because of non-linearities, dead material, noise and showering effects, the measured
energy in a jet cone is not equal to the original particle level energy. Since the Monte
Carlo simulation may not model these effects accurately, the scale of jets in data and
in Monte Carlo can be different. The jet energy scale corrections attempt to correct
the measured energy of jets back to the energy of the particles in the jets before their
interaction with the detector®.

Jet energies are corrected using:

E o Emeasured -0
ted — — 5 _ o
correcte R xS

Here, R is the calorimeter response to a jet; it is determined using transverse
energy balance in photon+jet events. O is the energy offset due to the underlying
event, energy pile-up, multiple interactions, electronic noise, and uranium noise from
the uranium absorber. O is determined by energy densities in minimum bias events.
S is the fraction of shower leakage outside the jet cone of R = (0.5 in the calorimeter.
This is determined by measuring the energy profile of jets in photon+jet events. In
the analysis in this thesis we use the JetCorr v4.2 [114] package which incorporates
all three components of the jet energy scale. It provides corrections for data as well
as MC. Statistical and systematic errors are also provided so that we may investigate
their effect on our overall signal and background efficiencies.

The energy resolution of jets in data and Monte Carlo is significantly different. This
can be seen in [115], which gives the measured data and Monte Carlo jet resolutions
for different n ranges. To correct for this, we smear the Monte Carlo jets such that
the resolution after smearing is the same as the resolution measured in data. As an
example, the additional energy smearing needed for a Monte Carlo jet with a py of 50
GeV at n = 0 is about 8%.

6A detailed description of the method applied to data from the 1992-1995 run of the D@ experiment
can be found in [113].
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7.2.3 Rejection of noise jets

Despite the numerous quality requirements applied to avoid clustering jets on noise in
the calorimeter, a large number of jets are selected seemingly due to noise. These noise
jets originate from low energy but high occupancy noise in well confined regions of the
calorimeter.

As these jets have their energy more or less evenly spread throughout all their
towers, n90 could be used to discriminate them against good jets. But in the case of
very wide jets, for example with soft gluon radiation in the final state, n90 could be
very large as well. To avoid rejecting these jets, a more suitable discriminating variable
would thus be f90 which is the ratio of n90 and the number of towers that form the
jet.

It was found, however, that n90 (and thus f90) are calculated incorrectly for merged
jets in the version of the reconstruction code used in this analysis’. But, doing a L1
calorimeter comparison® helped to demonstrate that many of the high £90 jets in actual
data are fake. Further, it was determined that the number of fakes increases as one
goes to lower pp or higher coarse hadronic fraction within the high f90 population of
jets. Conversely, low CHF' jets regardless of f90 value appear to be good jets. This
study is described in more detail in [116].

A two-dimensional selection in two py bins was determined to effectively reject the
observed fake background. We reject all jets that do not satisty:

o if jet pr < 25 GeV: f90 < 0.7 — 0.5 x CHF or CHF < 0.025;

o if jet pr > 25 GeV: f90 < 0.8 -=0.5 x CHF or CHF < 0.05.

7.2.4 Efficiency of noise rejection cuts

Because of our aggressive attempts to suppress noise problems in the calorimeter with
the cuts of Section 7.2.3, we must estimate what efficiency these cuts have for real jets.
As already pointed out, the f90 variable, which is used to qualify jets, is not calculated
correctly for merged jets in the version of the reconstruction code used in this analysis.

"Although it is possible to recalculate n90 for each jet, this would be cumbersome because it
requires redoing the full analysis. It was thus decided to use the incorrect n90 variable, making sure
it is used consistently.

8The energy in the jet is compared with the energy that the trigger readout finds in the jet cone.
The trigger readout is separate from the precision readout and does not suffer from the same problems
which have been observed to produce noise jets. It can therefore be used to identify if the jet is real
or fake. Since the gain of the trigger readout is low in the ICD region, the efficiency for identifying
jets using this method is low in this region of the detector. But, in other detector regions it can be
used to define pure samples of real and fake jets, which in turn can be used to study fake jet rejection
cuts.
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all CC EC

data | 96.6% | 95.7% | 97.7%
MC | 97.2% | 96.5% | 97.8%

Table 7.4: Noise rejection cut efficiency for jets in photon+jet sample in data and MC.

But as both the sample on which this efficiency is measured, and the final data sample
have this incorrect f90 variable, the final efficiency will be calculated correctly.

We study the efficiency of the noise rejection cuts in a photon-+jet sample. The
selection criteria are:

e a photon candidate (pr > 15 GeV, x2,, < 20, feam > 0.9, fiso < 0.15);

e a jet with A¢(y,jet) > 3.0, |n| < 2.5, pr > 15 GeV and (in data) a matched L2
jet (Ep > 3 GeV);

o /1< 10 GeV, Ky is defined in Section 7.3.

These criteria, including the A¢ and L2 requirements, are chosen to minimize the
presence of fake jets in this sample. We then measure the efficiency by applying the
noise rejection cuts to the jet and measuring what fraction of the jets survives. The
results are given in Table 7.4, and are shown as a function of pr and n in Figure 7.13.
A similar behavior is observed in both data and Monte Carlo.

7.2.5 Jet/EM separation

EM clusters with a py of 8 GeV or higher are also reconstructed as jets. If the EM
cluster is a real electron or photon, we do not want to use this jet, because it is just
a reclustering of the energy in the calorimeter that belongs to the electron. Thus we
drop all jets which are within AR of 0.5 of an electron candidate® with pr > 15 GeV.

7.3 Missing transverse energy K

Even with a perfect detector, there will not be energy balance in the plane transverse
to the beam if there are neutrinos produced in the event. This is because the neutrinos
are not observed by the detector. Thus, the presence of a neutrino in the final state
can be detected from the energy imbalance of an event in the transverse plane. In a
real detector, also the finite detector resolution contributes to this imbalance.

9An EM cluster that satisfies x%.,, < 20, fem > 0.9, fiso < 0.15.
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Figure 7.13: Efficiency for real jets to survive the noise rejection cuts in data (filled
circles) and MC (filled and unfilled triangles) as a function of jet py (a) and 1 (b). The
unfilled triangles are a MC sample of jets with pr < 40 GeV, while the filled triangles
are a sample of jets with pr > 40 GeV.

This energy imbalance is calculated by taking the vector sum of the transverse
energies of all cells (with transverse energy in excess of 100 MeV) in all layers of the
calorimeter except for those in the coarse hadronic layer which are treated separately
due to their high level of noise. The only cells of the coarse hadronic layer which are
accounted for in the aforementioned sum are those clustered within good jets. The
vector opposite to this vector is the raw missing transverse energy vector.

The calorimeter response to electromagnetic particles, such as photons and elec-
trons, is different from that to jets. In events with both electromagnetic objects and
jets, this imbalance translates into missing transverse energy. The response of the
calorimeter to jets (JES), which has already been used to correct the jets, can also be
used to correct the missing transverse energy. In order to do so, the JES correction
(limited to the response part of such correction) for all good jets is subtracted from
the K1 vector.

A similar correction to the Fr is made for the electron energy corrections, which
were discussed in Section 7.1.8. This is done by subtracting the corrected transverse
momentum of the electrons from the K vector, where the £ has now been calculated
without taking the calorimeter cells in account that were used to form the electron
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clusters. The resulting quantity is the calorimeter missing transverse energy.

As a muon is a minimum ionizing particle, it will deposit only a small amount of
energy in the calorimeter. Its presence can thus also fake missing transverse energy in
the calorimeter. The momentum of all muons present in the event is subtracted from
the missing transverse energy vector after deduction of the expected energy deposition
by the muon in the calorimeter (which are derived from Monte Carlo simulation). This
gives the final missing transverse energy F.
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Chapter 8

Top pair cross section analysis

8.1 Introduction

We will now turn our attention to measuring the ¢ cross section. The data used for this
measurement was taken between August 22, 2002 and June 24, 2003. The integrated
luminosity of the data sample used is 92 pb~!. This is after all runs and luminosity
blocks! with known problems have been removed.

The measurement described in this thesis will be in the channel where one of the
W’s (coming from the top) decays to an electron and a neutrino, and the other decays
to hadrons (the so-called electron+jets channel). This means that we are looking for
the following event signature:

e isolated electron (from the W decay);
e missing transverse momentum #;, (evidence for the unseen neutrino);
e four or more jets.

The two main backgrounds are W+jets production (where the W decays to an
electron and a neutrino) and QCD multi-jet events with a misidentified electron and
mismeasured Fp. Other possible backgrounds are W+jets events where the W decays
first to a tau which subsequently decays to an electron, and Z-+jets events. The Z
can decay to electrons and if one of the electrons is either missed or not identified as
an electron candidate, this can have the correct event signature. If the Z decays to
taus, and one of the taus decays hadronically and the other to an electron and two
neutrinos, this can also mimic the event signature. In Appendix C we show that these
backgrounds do not need to be treated separately, because either they are so small that

LA luminosity block is the smallest part of a run (about one minute long) for which the luminosity
can be calculated.
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they can be ignored, or they are treated correctly by lumping them together with the
main W+jets background.

The analysis of this particular decay channel of ¢t is performed in two steps. The
first step comnsists of defining a data sample enriched in W+jets and top events, within
which the absolute normalization of backgrounds from both W+jets and QCD multi-
jet events is evaluated. In a second step, further kinematic cuts (based on the topology
of the events) are applied to reach the final selection. In order to be able to combine
the result of this topological approach with results from an independent analysis using
a soft muon b-tagging approach, a soft muon tag veto is applied in the analysis to avoid
overlap.

In the current analysis, we look only at events where the electron ends up in the
Central Calorimeter (CC). The reason for this will become clear in Section 8.3.

8.2 The W+jets selections

We start with a rather loose preselection of W and top events. The basic requirements
for these samples are an electron candidate (p; > 20 GeV, with an associated track)
and F7. In addition we require one or more jets. This way, we define four loose samples
based on the inclusive jet multiplicity (up to four) of the event. The one jet sample has
one or more jets, the two jet sample has two or more jets, etc. A list of all the selection
cuts used to define these loose samples is given in Table 8.1. A detailed explanation
for each of these cuts can be found in Section 8.7. For each of these loose samples, we
define a corresponding tight sample by the additional requirement that the electron in
the event passes the likelihood cut. These tight samples are thus subsets of the loose
samples.

8.3 QCD background

We will now estimate the QCD background in the four tight samples. This is done
using the properties of the electron candidate in the event. The W-jets and ¢t events
have real isolated electrons, while the electron candidate in QCD events are either
non-isolated or fake (a m° shower with an overlapping track from a charged particle or
a photon converting to a ete™ pair). For ease of notation, we will use “W+tt events”
when we mean the sum of the TW+jets and ¢f events (and thus NV = NW 4 Nt

We write the number of events in the loose sample (Njyps¢) as the sum of the number
of W+tt and QCD events:

Nloose — NW—HE"‘NQCD . (81)
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Loose selection criteria

EM particle, pr > 20 GeV, |np| < 1.1

electron passes calorimeter cluster selection

electron has an associated track

soft muon tag veto

second electron veto
Er > 20 GeV
Ap(Br,e) > 0.5
Primary vertex with > 3 tracks and |z| < 60 cm
Njers > 1,2,3,4 (with pr > 15 GeV, |n| < 2.5)

Tight selection criteria

loose criteria + electron passes likelihood

Table 8.1: Loose and tight selection criteria.

This is of course also true for the tight sample, but the contributions from W+tt and
QCD are reduced by the additional requirement of the likelihood cut. But, we expect
the amount of reduction to depend on the type of electron candidate, and thus to be
different for W+tt and QCD. These reductions are actually the efficiencies for electron
candidates in the W+ttt and QCD samples to pass the likelihood requirement. The
number of events in the tight sample (Nyg,) can thus be written as:

Night = 5igNV T + £0cp NP (8.2)
Wt QCD
- Ntight + Ntight '

If these efficiencies (¢sig and egep) were known, we could solve these two equations
for NW+Ht and NQCP | and thus get a prediction for the W+t and QCD events in the
tight sample:

- Niioht — € N,
Wttt tight QCD{VYloose QCD
Niignt = Esig and  N,op = €qep
g g
€sig — €QCD Esig — €QCD

5sigNloose - Ntight

(8.3)

This clearly only works if €4, and egcp are sufficiently different from each other.
We expect €4, to be much higher than gcp, because the likelihood was trained to
distinguish real from fake electrons. We will now show that these efficiencies can be
derived from data, and that we can therefore use this method to extract the number
of QCD background events in each of the four loose and tight samples.
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€QCp

> 1jet | 0.202 £ 0.003
> 2 jets | 0.210 4 0.006
> 3 jets | 0.207 £ 0.013
>4 jets | 0.197 £ 0.034

Table 8.2: eqcp for different inclusive jet multiplicities.

€QCcp

Figure 8.1 shows the ratio of the number of events in the loose and the tight samples
(but without the Fr cut), as a function of Fr, for each of the four jet multiplicities.
We expect the low K1 region to be dominated by QCD, because the contributions from
real isolated electrons all have nonzero Fp. In addition, we expect these QCD fake
electrons to be independent of the F; of the event, because the £ in these events
originates from mismeasured jet energies, which are independent of the mechanism
that produces these fake electrons. At higher Fr, there is a contribution from the real
electrons coming from W’s (and at higher jet multiplicities also from ¢t). As the figure
shows, the distributions are flat (within statistics) at low Jp, which shows that the
efficiency for QCD electron candidates to go from loose to tight (egcp) is independent
of /. We can thus determine eg¢p from a constant fit within the region [, < 10 GeV
(where the real electron contribution is negligible). The values found for the different
jet multiplicities are given in Table 8.2. Within statistics, egcp is independent of the
jet multiplicity, indicating that the QCD fake electrons are independent of the topology
of the event.

At this point, we can explain why we use the A¢(Fy,e) cut. Without this cut,
which removes events where the ¥, and the electron are in the same ¢ direction, these
distributions are not flat at low 7. This means that there is a contribution in the QCD
background that is dependent on Fr. Because we cannot estimate this dependence in
the region where real electrons contribute (fr > 20 GeV), we decided to accept the
efficiency loss, which is given in Table 8.8, due to this cut.

651’9

The corresponding rate at which signal events are reduced from the loose to the tight
sample, e4,, is the efficiency for real electrons to pass the likelihood requirement. This
was already measured in the Z — ee sample in Section 7.1.7. As £, was found to be,
within errors, constant as a function of jet multiplicity, we use the value obtained in
the one jet multiplicity sample (g4, = 79.2 = 2.1%) for each of the four samples.
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Figure 8.1: Efficiency for the electron to go from loose to tight as a function of I/ for
jet multiplicities of > 1, > 2, > 3 and > 4.

QCD background

We now have all ingredients to estimate the QCD background. The number of events in
the loose and the tight samples for each jet multiplicity are listed in Table 8.3, together
with the estimate of the number of QCD and W +jets events in the tight samples. The
important number we will use later on is the QCD background in the four jet tight
sample: 18.7 + 6.1. As an additional check that the method is predicting the QCD
background correctly, we plot the transverse mass of the electron/neutrino pair, and
estimate the QCD background in each bin of transverse mass with the same method.



128 Top pair cross section analysis

Nicose | Niight | Nita NYEE | jet trigger eff. | NSV AT
> 1jet | 8086 | 4195 | 759 £47 | 3436+ 96 | 0.389 + 0.036 | 8834 + 854
> 2 jets | 3105 | 1426 | 373+27 | 1053 £56 | 0.669 & 0.027 | 1573 & 106
> 3jets | 768 | 312 | 105+14 | 207+£27 | 0.825+0.024 | 251 +33

>4 jets | 156 67 | 187+6.1| 48£12 | 0.879£0.053 55+ 14

Table 8.3: Nigose, Niignt, Nt?g%? and N%Zf before and after jet trigger efficiency cor-
rection.

This is shown in Figure 8.2. In all but the four jet sample, we clearly see a contribution
from the W and a falling QCD contribution.

Let us discuss here the choice we have made to look only at events where the
electron ends up in the central calorimeter (|np| < 1.1). The procedure to estimate
the QCD background has also been applied to events where the electron ends up in
the endcap calorimeter (1.5 < |np| < 2.5). Although the efficiency for QCD electron
candidates to go from loose to tight (without the Fr cut) is flat at low Fr, there are
two problems:

e cocp depends on the jet multiplicity of the events for the EC, indicating an
unwanted dependence on the topology of the event.

e The estimate of the W+t contribution at low electron/neutrino transverse mass
has a negative peak at a transverse mass of 20 GeV.

Both problems are shown in Figure 8.3.

These problems indicate that we don’t have a correct description of the background
in the EC. Moreover, because there is only a 19% relative gain in acceptance times
reconstruction efficiency when including the EC and the background in the EC is
much higher than in the CC, we decided to concentrate on the CC for this analysis.

8.4 Berends scaling

Now that we know the QCD and W+tt contributions in each of the four tight samples
(distinguished by their number of jets), the next step is to estimate the number of W
events in the four jet sample, which we will use as our final sample. What we expect to
see is that in the lower multiplicities, the W+ tf events are dominated by W’s, while
in the four jet multiplicity there will be a significant contribution from ¢z.

We will evaluate the W background by using the Berends scaling rule [117, 118,
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Figure 8.2: Transverse mass distributions for > 1, > 2, > 3, and > 4 jet multiplicity.
Histograms are the observed numbers of events after selection cuts, points give the

QCD background estimate.

119, 120], which reads

oW + (14 1)jets)

U(W + njets)

=, (8.4)

where « is dependent on the jet transverse energy and pseudo rapidity requirements,
but independent of n, the inclusive jet multiplicity. Using this behavior (as a function
of jet multiplicity) for the W contribution to the W+t samples, the total number of
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Figure 8.3: Figure (a) shows egcp as a function of the jet multiplicity for events with
the electron candidate in the EC. Figure (b) shows the transverse mass distribution for
events with the electron candidate in the EC which have a jet multiplicity of one. The
histogram is the observed number of events, points give the W+ tt signal estimate.

jet multiplicity ¢ fzﬁ
1 1.000
2 0.992
3 0.885
4 0.545

Table 8.4: Inclusive top fraction as a function of jet multiplicity.

events in the different W+¢t samples can be connected as follows:
NYHE = NP x ol ! fENT (8.5)

Here N)V* is the number of events remaining with a jet multiplicity > 7 in the W+tZ
sample, NV is the number of W events with at least one jet in the final state, and fzﬁ
is the fraction of ¢t events expected to survive the criteria of a jet multiplicity greater
or equal to i. These fractions are computed from Monte Carlo simulation, and are
given in Table 8.4. The values of o, N}V and N can be obtained from a fit to the

distribution of N\V*' for i = 1,2, 3,4. Using the information from this fit, we can then
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a |0.168 &+ 0.019
NY | 9012 + 789
Nt 15 + 39

Table 8.5: Results of the Berends scaling fit.

extrapolate the number of W events in the four or more jets topology:
N =N xa? . (8.6)

Before we can apply this to our samples, there is one additional effect we need
to take into account: the inclusive jet multiplicity distribution for W+tt events is
influenced by the presence of jet selection criteria in the trigger?, which is described in
Section 6.3.2. This jet trigger efficiency is estimated from the fraction of W+t events
(after QCD background subtraction) that were triggered by a single electron trigger?,
and in addition also fired the electron + jet trigger used in the analysis. As a cross
check, the same number is estimated from the number of events in the tight sample
(without QCD background subtraction)?. These efficiencies are measured and applied
separately in each jet multiplicity sample. The jet trigger efficiencies we found are

given in Table 8.3. Correcting the N,}g;{ft for this effect, we get the numbers in the
column Ny t* ... These are now corrected for the trigger requirement, and can thus

be fit with (8.5). The number of events in each bin (N,}g;fcorr) and the contribution
from W events that we get from the fit are shown in Figure 8.4. Although there are
correlations between the bins, we ignore them for the fit, because they are small (only a
small amount of the events in each bin is also in the previous bin, because the spectrum
is steeply falling). The small effect that this might have on the fit and its errors is thus
neglected. The parameters extracted from the fit are given in Table 8.5.

Using (8.6), we get an estimate for the number of W events in the four jet tight
sample of 43.1 = 11.9. But this is the estimate without the jet trigger efficiency. To
get the actual number of W events in the four jet tight sample, we need to multiply
this number by the jet trigger efficiency for events with a jet multiplicity > 4 (which
is given in Table 8.3). This gives as the final estimate for the number of W events in
the four jet tight sample 37.8 + 10.7.

2Tt is easier for several jets to fire the single jet trigger requirement than it is for one jet.

3Although it would simplify things to use a single electron trigger instead of an electron + jet
trigger to do this analysis, this was not possible because the single electron trigger was prescaled
during high luminosity runs.

4We expect to find the same efficiency here, because the QCD contribution is relatively small, and
the jets in W+jets and QCD events are expected to have roughly the same n and pp distributions.
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Figure 8.4: The points show the inclusive number of W+jets and tt events. The line
gives the contribution from W+jets events that we get from the Berends scaling fit.

8.5 Topological selection

In the Berends scaling fit, there seems to be a contribution from the ¢f events, but it
is hardly significant. We therefore need to enhance the contribution of signal in this
sample. We do this by applying topological cuts. We select variables that provide good
separation between signal and background. The two most discriminating variables used
in Run I [102] in the lepton plus jets analyses are the scalar sum over all jet transverse
energies Hy = 3., Er and the aplanarity A, a measure of the flatness of the event,
defined as 3/2 times the smallest eigenvalue of the normalized momentum tensor M:

20 D7D

My = =2l
Yy, It

(8.7)

where p? is the momentum of a reconstructed object o, i and j are the laboratory spatial
coordinates, and the objects included in the sum are the jets and the reconstructed
leptonic® W (A(W +jets)). Large values of A are indicative of spherical events, whereas
small values correspond to more planar events. tf events are quite spherical, as is typical
for the decay of a heavy object. W+jets and QCD events are more planar, owing

5The W is reconstructed using the electron momentum and the missing transverse energy. Con-
straining the electron/neutrino invariant mass to the W mass leads in general to two solutions for the
ps of the neutrino. The solution with the smallest |p.| is chosen. If the electron/neutrino transverse
mass is higher than the W mass, the missing transverse momentum is scaled so that the transverse
mass is equal to the W mass, and p, is thus taken to be zero.
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Nobs Nkg Ny Nocp | i (%)
preselection (Njes > 4) | 67 56.6 37.8 18.7 100.0
| < 2 64 | 549 36.9 18.0 98.9
E}Y > 60 GeV 55) 48.4 35.2 13.2 97.3
Hp > 180 GeV 27 21.6 16.6 5.0 82.7
A( W +jets ) > 0.065 12 | 724+£1.7(153£16]1.9+£0.7 92.9

Table 8.6: Number of observed events, estimated background and relative signal effi-
ciency after each of the topological cuts.

primarily to the fact that the jets in these events arise mainly from gluon radiation.
Another variable used is Ep(W) = pr(e)+ £r (scalar sum). Only jets that have
pr > 15 GeV and |n;e| < 2.5 are used in calculating these topological variables.

In addition, a cut on 7y is applied. This is the pseudorapidity of the reconstructed
leptonic W. This cut is designed to remove from consideration those regions of phase
space where the W+jets Monte Carlo does not model the W+jets data very well
(see [102]). Although in the reference the data is compared with the VECBOS [119]
Monte Carlo, the ALPGEN Monte Carlo we use has the same underlying matrix ele-
ments, and will therefore have the same problem.

The efficiency for the topological selection is determined from MC for the t¢ signal
and the W+jets background. The efficiency for QQCD is measured in data, using a
sample containing an EM cluster plus four jets, with identical selection cuts as the
loose four jet sample, except that no electron identification cuts are applied. This
sample will thus be dominated by QCD.

An indication of the effect of different cuts on Hp and aplanarity is shown in
Figure 8.5. While the cuts used in this analysis (Hy > 180 GeV and A > 0.065) do
not give the optimal statistical uncertainty on the cross section (equivalent to optimal
@), for a given amount of background, they are rather good®.

The efficiency of the chosen topological cuts for W+jets and QCD are 14.1 + 1.1%,
and 10.0£1.6%, respectively. The number of observed events, the predicted background
and the relative signal efficiency after each of the topological cuts are listed in Table 8.6.
The 12 candidate events we are left with are listed in Table 8.7. Figure 8.6 shows one
of the candidate events.

6The optimal set of cuts (as indicated in the figure) was not used, because the optimization study
is not complete (it should also include the effects of the systematic error). In addition, the expected
background before topological cuts was set to the value that we found in the data sample, which biases
the cut selection. A full study would include both statistical and systematic errors, and would use an
estimate of the background which is independent of the used sample. We therefore decided to use the
Run I cuts.
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Figure 8.5: Expected signal versus expected background, where each point corresponds
to a different combination of A and Hy cuts. Expected signal is the number of events
we expect for an integrated luminosity of 92 pb™! (taking a signal cross section of 7
pb). Expected background gives the number of background events in our sample that
would survive the topological cuts under study. The cut pair chosen for this analysis is
indicated by the star. The circle shows the “optimal” cut point, if only the statistical
error is taken into account ( @ is a measure for the (statistical) uncertainty on the
cross section °2). The curves are contours of constant (statistical) uncertainty on the
cross section.
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run event

164041 | 21154890
165600 | 23337177
166830 | 17709325
167885 | 19738570
169923 | 16396718
173076 | 3125163
174666 | 17387772
175335 | 29822900
175818 | 1123080
177034 | 11407190
177275 | 5302321
178152 | 32384663

Table 8.7: Candidate events.

8.6 Alternative W +jets background prediction

There is an alternate method to estimate the W+jets background, which is independent
of Berends scaling and the jet trigger efficiency. This uses the same principle as used
for estimating the QCD background, except the loose and the tight sample are now
replaced by the tight and the topological sample (the events that pass the topological
cuts).

The number of events in the tight sample (Ny4,) and the number of events in the
topological sample (NVy,,,) can be written as:

Nignt = N4+ NW 4 NOOP (8.8)
Niopo = 5?2170]\7 0 5,%,)]\7 Wy 5%50131\7 QUD
= N+ NI, + NI
We now solve for the number of W events in the topological sample (N} )
eV f .
NtVoI;o = %{Ntwo - 6?;poNti9ht - (535013 - 8§f)po)NQCD} . (8.9)

5topo - gtopo

This method gives an estimate of the W+jets background after topological cuts of
5.6 = 1.1 events, where the error is statistical only. This is consistent with the number
we find using Berends scaling. We will therefore use the latter number in the rest of
this analysis.
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electron

50

Figure 8.6: Event display of a candidate event (run 174666, event 17387772). The
figure shows the distribution of transverse energy in the calorimeter as a function of np
and ¢. The transverse energy deposited by the electron and the i resulting from all
energy deposits are indicated by arrows. The rest of the energy is reconstructed into
four jets.

8.7 Selection efficiency

Now that we have estimated the background in the final sample, and thus have an
estimate for the number of top events we see in the final sample, we will turn our
attention to explaining the cuts (where needed) and calculating the efficiency of each
cut. The selection cuts and the efficiency of each cut are listed in Table 8.8, for a top
mass of 175 GeV. The sensitivity of these cuts to the top mass will be treated as a
systematic uncertainty (see next section).

The electron selection requires that we find the electron, that it ends up in the Cen-
tral Calorimeter (|np| < 1.1), passes calorimeter cluster and likelihood requirements,
and has a py greater than 20 GeV. All these requirements on the electron are simply to
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Selection cut € derived from
MC | data
second electron veto 100% Vv
acceptance X reconstruction 60.6 £+ 0.8% Vv ¢
pr(e) > 20 GeV 92.0 + 0.4% vV
c

cluster selection electron

82.94+ 0.7+ 2.9%

likelihood electron

68.1 £ 0.8 +2.9%

c
Fr > 20 GeV 80.5+05% | +/
soft muon veto 81.6 + 0.8% Vv c
Ap(Bre) > 0.5 87.9 + 0.6% W,
Nijers > 4 (In] < 2.5 and pp > 15 GeV) 54.5 4+ 1.1% Vv
topological cuts 52.9 + 1.5% Vv
primary vertex 96.7 + 1.9% Vv
trigger efficiency 92 +1+ 2% Vv vV
T factor x1.04 Vv
NLO factor x1.08 Vv

total signal efficiency

5.8 + 024 %

Table 8.8: Selection cuts efficiencies for a top mass of 175 GeV. The “derived from”
column lists if the number are derived from data and/or MC (y/), and if correction
factors are applied, where these were derived (c). An explanation can be found in the

main text.
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reduce background. The second electron veto (no second electron with py > 15 GeV
and |np| < 2.5) is made to keep the analysis orthogonal to the di-electron ¢t analysis
and to reject Z-+jets background.

The acceptance and efficiencies for the reconstruction, kinematic cut and second
electron veto are determined from a MC ¢t sample. For the reconstruction efficiency,
a correction factor of 0.967 is applied to account for the difference in electron recon-
struction efficiency seen between data and MC, see Section 7.1.6.

The calorimeter cluster selection efficiency is measured in Z — ee data, see Sec-
tion 7.1.7. To account for the difference in topology and particle multiplicities in the
Z — ee events (where the efficiency is measured) and the ¢¢ events (where it is used), a
correction factor of 0.946 is applied to the efficiency as measured in Z — ee data. This
correction factor was derived by looking at the difference between the electron cluster
selection efficiency in Z — ee MC (97.5£0.2+£0.8%) and in ¢t MC (92.2+0.4%). The
same method was used to get the final electron likelihood efficiency. For the likelihood,
we get a correction factor of 0.943.

The missing transverse energy cut is applied to reduce the huge QCD background,
which can basically only have Fr due to imperfect energy measurements of the jets
(the resolution of the energy measurement is not zero).

The soft muon veto is applied to keep this measurement orthogonal to the measure-
ment which uses soft muon tagging. The requirement is that events are vetoed when
there is a muon (with pr > 4 GeV) within a jet. When we measure the efficiency for
the soft muon veto in Monte Carlo, we get 83.3 + 0.7%, meaning that in 16.7 + 0.7%
of the events one or more jets are tagged by a soft muon. But it has been shown [121]
that the muon reconstruction efficiency is a factor 1.11 4+ 0.05 higher in data than in
MC. Thus in data, we expect the efficiency for an event to be tagged to be 18.4+0.8%.
Therefore we will use a soft muon veto efficiency of 81.6 + 0.8%.

The reason for the A¢(F,e) cut has already been explained in Section 8.3. The jet
multiplicity and the topological cuts are applied to reduce the background, both QCD
and W+jets. All these efficiencies are taken from MC.

Next are the primary vertex cut and the trigger requirement. We require a good
primary vertex because we need it to define the DCA of the electron (which is used in
the electron likelihood) and because it reduces the chance of events showing up in the
sample that only have energy deposits in the calorimeter due to noise. The efficiency
of the primary vertex requirement is measured in the four jet tight data sample. The
trigger requirement is last on the list, although it is of course applied first. It is put
at the end of the list as a reminder that the trigger efficiency is measured for events
that pass all requirements, including object identification and topological cuts. How
this efficiency was derived has already been explained in Section 6.3.4.

The “7 factor” takes into account that instead of the W (coming from one of the
tops) decaying to an electron, it can decay to a tau. If the tau decays to an electron,
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this gives a contribution to the efficiency. As the branching ratio times efficiency for
this to happen is 4% of the direct decay to an electron, we take this into account by
multiplying the efficiency by 1.04. This is lower than the branching ratio for the tau to
decay to an electron (18%), because the momentum of the electron is lower as a result
of the cascade decay.

All the efficiencies so far have been derived with a MC that has a Leading Order
description of the ¢t production process. Recently, a MC generator (MC@NLO [108])
has become available that computes the ¢t production process at Next to Leading
Order. The program uses HERWIG [14] to decay the top quarks and to simulate the
(properly matched) parton shower. We do not use it to get the signal efficiency directly,
but use it to derive a correction factor. This correction factor is derived by calculating
the difference in signal efficiency on a ¢t MC sample generated with MC@QNLO, and a
tt MC sample generated with standard HERWIG. The only difference between the two
samples is thus the treatment of the hard scattering process (NLO and LO respectively).
The correction factor we find is 1.08 +0.05, meaning that NLO gives a 8% higher signal
selection efficiency. As the NLO prediction is expected to be better than the LO one,
we can directly apply this correction factor to our signal efficiency (which was derived
with a LO description of the ¢# production process)’.

Combining all the selection efficiencies, we get a total ¢¢ signal efficiency of 5.8 +
0.2%.

8.8 Systematic uncertainties

In this section we will discuss the individual uncertainties which affect the background
and the signal efficiencies. A summary of the different contributions is given in Ta-
ble 8.9.

Luminosity

The uncertainty on the luminosity measurement is 10% and comes from the uncer-
tainty in the total pp inelastic cross section and incomplete modelling of the luminosity
monitors acceptance [122].

Jet energy scale

The uncertainty in the jet energy scale affects the cross section determination, but only
through the uncertainty of the relative scale between data and MC. We take the MC
and data uncertainties to be uncorrelated with each other, thus the uncertainty on the

"The uncertainty on the correction factor is treated as a separate systematic uncertainty, and is
therefore not included in the statistical error on the selection efficiency.
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Effect € Nw | Ngcp L Br
Luminosity +10%
Jet energy scale (correlated) |
Jet energy scale (uncorrelated) | +1% | +16%
Jet resolution % | R
Jet ID +3.2%
e resolution +0.6%
e electron reconstruction +2%
e cluster identification +3.5%
e likelihood +4.3%
Trigger +2.2%
Primary vertex +0.8%
Top mass T
Skimming +0.2%
Background estimate +1.7 events
MC statistical uncertainty +3.3%
Branching fraction +1.6%
Soft muon veto +1.2%
NLO/LO correction +5%

Table 8.9: Summary of systematic uncertainties. For each effect, the uncertainties on
the signal efficiency, backgrounds (Ny and Ngcp), integrated luminosity and branch-
ing fraction are given (where appropriate).
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scale between data and MC is the MC and data jet energy scale uncertainties added
in quadrature.

The uncertainties on the JES are dominated by the uncertainty on the showering
correction [114]. This is because the method used to derive this correction (showering
profiles) has been shown to be only approximate, and thus large systematic errors are
assigned to the correction. This means that a large part of the uncertainty on the JES
is correlated between the jets. We therefore deal with the correlations between the jets
as follows:

e We take the JES to be fully correlated between the different jets. We thus vary
the energy of each jet in the event up or down by one sigma (of the MC and data
uncertainties added in quadrature), for all jets in the event at the same time.
This has an effect on both the signal selection efficiency (fﬁé) and the W+jets
topological efficiency and thus Ny, (fggﬁ).

e In the second method, we take the JES as uncorrelated between the jets. We vary
the energy of each jet by a randomly chosen amount from a Gaussian distribution
with the width equal to the MC and data uncertainties added in quadrature, for
each jet in the event independently. Again, both the signal efficiency (+1%) and
Ny (+16%) are affected.

For the final systematic uncertainty due to the JES, we try both methods, and use the
largest uncertainty (both up and down) that we get.

Jet resolution

As mentioned in Section 7.2.2, the jet energy resolution is different in data and MC.
We therefore smear the MC such that the jet resolution in MC corresponds to the
one measured in data. Of course, both the measured resolutions in data and MC
have errors. By varying the smearing within these errors, we derive the systematic
uncertainty on the signal selection efficiency due to the uncertainty in the jet resolution.

This uncertainty on the selection efficiency is J_’g:g;g. Of course, there is also an effect

on the W+jets topological efficiency of :g?’% (fully correlated with the effect on ¢t).

Jet identification

We use the jet identification efficiency derived from the t¢ MC sample. We treat the
difference in efficiency between MC and data (see Section 7.2.4) as a systematic uncer-
tainty. To be conservative, we take the largest discrepancy (in the central calorimeter)
of 0.8% as the systematic uncertainty per jet. This gives a systematic uncertainty of
+3.2% (4 jets) on the signal efficiency.
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Electron resolution

The electron pp resolution is different in data and MC. We smear all MC electrons
by 4.7% in energy to make the resolution of MC electrons consistent with what was
measured in data [123]. As systematic uncertainty due to electron resolution we take
the full difference between smeared and unsmeared signal selection efficiency. This
gives an uncertainty in the selection efficiency of +0.6%.

Electron reconstruction

As explained in Section 7.1.6, there is a 2% systematic uncertainty in the 0.967 cor-
rection factor that is applied to the MC reconstruction efficiency to account for the
differences seen in the reconstruction efficiency between data and MC. This leads to a
2% uncertainty in the signal selection efficiency.

Electron identification

Both the calorimeter cluster selection cuts and the likelihood give two contributions to
the cross section uncertainty. The two contributions are:

e The systematic uncertainty of the measured efficiency in the Z — ee data sample,
which comes from the uncertainty in the background estimation in those samples.

e The uncertainty on the correction factor that is applied to the efficiency measured
in the Z — ee sample. This correction factor takes into account the difference
in the Z — ee sample (where the efficiency is measured), and the ¢t sample
(where it is used). It is derived by comparing the measured efficiency in Z — ee
and t¢ MC. We quote half the effect of this correction factor as its systematic
uncertainty.

Combining these two contributions to the systematic uncertainty, we get a system-
atic uncertainty of +3.5% due to the cluster selection, and 4+4.3% coming from the
uncertainty on the likelihood efficiency.

Trigger

In Section 6.3.4 it is explained how the assumption of factorization of the trigger terms
leads to a systematic uncertainty on the trigger efficiency. This gives a systematic
uncertainty on the selection efficiency of +2.2%.
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Primary vertex

The efficiency for finding a good primary vertex is measured in the four jet tight signal
sample, which is dominated by W +jet events. This efficiency might not be the same for
tt and W+jet events. We compare the primary vertex efficiency for these two samples
in MC. For tt, we find 99.4 + 0.2% and for W+jets, we get 98.6 + 0.4%. Thus the
uncertainty on the selection efficiency due to the primary vertex requirement is 0.8%.

Top mass

For this analysis, we have used a top mass of 175 GeV. The signal selection efficiency
depends on the top mass. Therefore the uncertainty in the top mass (about 5 GeV)
gives an uncertainty in the selection efficiency. To derive this uncertainty, we calcu-
lated the selection efficiency for various MC samples with different top masses. We fit
the efficiency as a function of mass (see Figure 8.7) to lower the dependence on the

statistical fluctuations. We get a (relative) uncertainty on the selection efficiency of

+4.4%

"oz when we vary the top mass by 5 GeV.
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Figure 8.7: Signal selection efficiency as a function of generated top mass.

Skimming

Before the full analysis code is used, a sample is skimmed (preselected) based on simple
properties. Some events might have passed the selection criteria in the analysis code
that may not have passed the skimming, because:
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e The skimming requires that there is a 10 GeV track near the electron. In some
extreme cases the track of the electron might be reconstructed below 10 GeV.

e The version of the electron reconstruction that is used for the skimming and the
one in the analysis code are slightly different.

e During most of the run period from which data is used for this analysis, there
were problems in the calorimeter electronics. As a result of this, part of the
energy deposited in certain towers would also show up in neighboring towers.
These energy sharing problems are corrected in the analysis. At the skimming
stage these problems were, however, still present.

The size of these effects has been estimated by simulating them on a ¢t Monte Carlo
sample, leading to an uncertainty on the signal selection efficiency of £0.2% for the
three effects together.

Uncertainty on background estimate

There is an uncertainty on the background estimate:

e For the QCD background, this comes from the uncertainties on the input param-
eters for the matrix method and the statistical uncertainty on the topological cut
efficiency.

e For the W+jets background, it comes from the uncertainty on the Berends scaling
fit (which in turn depends on the uncertainties in the matrix method and jet
trigger efficiencies) and again the uncertainty on the topological cut efficiency.

Statistical uncertainty on signal efficiency

There is a statistical uncertainty on the signal efficiency determination because of the
limited statistics available in the Z — ee data sample and the Monte Carlo samples.
This leads to a systematic uncertainty in the signal efficiency.

Branching ratio

We use (10.68£0.12)% for the W — [v branching fraction, and (67.96+0.35)% for the
W — hadrons branching fraction [103]. This gives a tt — e + jets branching fraction
of 0.145 with a relative uncertainty of 1.6%.
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Soft muon veto

We calculated the soft muon veto efficiency by applying a 1.11 4 0.05 correction fac-
tor to the soft muon tag efficiency as measured in Monte Carlo, because the muon
reconstruction efficiency is higher in data than in Monte Carlo. The uncertainty on
this correction factor gives a systematic uncertainty on the soft muon veto efficiency,
and thus on the selection efficiency. The relative uncertainty on the selection efficiency
from the soft muon veto is thus 1.2%.

Berends scaling

The assumption of Berends scaling is tested by looking at Z — ee events. We require
that both electrons in these events pass the same cuts as used in signal sample of the
analysis. We use the number of events with a minimum jet multiplicity of one and two
to predict the number of events with a jet multiplicity of three. The exponential fit to
the first two jet multiplicities is shown in Figure 8.8(a). The fit predicts 9.7 Z — ee
events with a minimum jet multiplicity of three, while the actual number of events
found is 9. In addition we fit the number of events in the first three multiplicity bins,

events
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Figure 8.8: Jet multiplicity for Z — ee events. The exponential fit in Figure (a) is to
the first two bins, the fit in Figure (b) is to the first three bins.

and use that fit to predict the number of events with a minimum jet multiplicity of
four. The fit is shown in Figure 8.8(b). The prediction is 1.9 events, while the actual
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number of events found with four jets (or more) is 3. From this it is clear that within
the limited statistics available in the Z — ee sample, Berends scaling holds.

In addition, the alternative W+jets background method (Section 8.6), which is
independent of Berends scaling, gives a prediction for the W+jets background which
is consistent with the result we get from Berends scaling. We therefore conclude that
there is no statistically significant systematic uncertainty due to Berends scaling.

NLO correction

The NLO/LO correction factor in the selection efficiency has a large uncertainty, due
to low statistics in the MC samples used. The correction factor is 1.08 £ 0.05, giving
a systematic uncertainty on the selection efficiency of 5%.

8.9 Cross section

In order to estimate the cross section a maximum likelihood method is used. To account
for the small number of observed events, Poisson statistics are used. The estimate for
the cross section o is given by

Nobs - kag

=% -8 8.10
T BrxLlxe’ (8.10)

where Ngys, Nikg, Br, £ and ¢ are respectively the number of observed events, the
number of background events, the branching fraction, the integrated luminosity and
the overall signal efficiency.

If the cross section is o, the expected number of events is

N:UXBTX£XE+kag. (811)
The likelihood to observe N, events when N events are expected is

NNobs %
N1 N (8.12)

L(U; {Nobs; kaga BT? L: 6}) =

The cross section is then estimated by minimization of
—210g£(0’, {Nobs,kag,BT,£,6}) . (813)

The likelihood function is shown in Figure 8.9.

This function is also used to derive the statistical uncertainty on the cross section
measurement. If a probability distribution is Gaussian, its 1o width is measured at
ﬁ from the peak value. This means that in the log likelihood formulation, the points
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Figure 8.9: Likelihood function.

where —2 times the log of the likelihood function is one higher than the minimum give
the statistical uncertainty.

The last step is to estimate the systematic uncertainty on the cross section. We
do this by deriving the systematic uncertainty due to each effect (listed in Table 8.9)
separately. The affected parameters (¢, Ny, Nocp, £ and/or Br) are varied up and
down by one o (where correlations between the different parameters are kept) to get the
uncertainty on the cross section due to that effect. As we take the different systematic
effects to be uncorrelated, we get the final systematic uncertainty on the cross section
by adding all the effects in quadrature.

Putting all this together, we get a final ¢t cross section estimate from the e+jets
channel of

o = 6.2 t19(stat) t28(syst) pb. (8.14)

8.10 Combined cross section

For the Lepton Photon 2003 conference, an earlier version of the cross section mea-
surement presented in this thesis was combined with Run II measurements in several
other channels. The other channels are the dilepton channels, the p+jets channel, and
the lepton+jets soft muon tag channels. In the dilepton channels, both top quarks in
the event decay to leptons. The dilepton channels used where ee, pp and ep. The
p~+jets channel is basically the same as the e+jets channel described in this thesis,
except that the W from the top decays to a muon instead of an electron (the other top
still decays hadronically). The soft muon tag channels also look at events where one
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channel o [pb]
ece 15.8 1155 (stat) 157 (syst) =+ 1.6 (lumi)
i < 7.7 (stat)
ep 9.7 137 (stat) 1§ (syst) + 1.0 (lumi)
etjets | 6.8 139 (stat) T3° (syst) £ 0.7 (lumi)
p+jets 2.3 132 (stat) 137 (syst) =+ 0.2 (lumi)
etjets/p | 142 L3 (stat) T332 (syst) =+ 1.4 (lumi)
ptjets/p | 9.5 37 (stat) 31 (syst) 4 0.9 (lumi)

Table 8.10: The measured tt cross sections for each individual channel.

of the W’s from the top decays leptonically (either to e or p), but in addition require
that a muon is found in one of the jets. This indicates that the jet originated from a
heavy quark (bottom or charm). Due to the presence of two bottom quarks (from the
top decays) and possible one charm quark (from the hadronic W decay) in tt events,
and minimal heavy quark content in W4jets and QCD events, this cut considerable
improves the signal over background ratio. These soft muon tag channels are denoted
e+jets/pu and p+jets/p. The tt cross sections measured in each of the channels are
given in Table 8.10.

Both the central value and the uncertainties shown for the e+jets channel in the
table are somewhat different from the results found in the previous section. This is
because several improvements have been made to the analysis as presented in this
thesis, leading to a more reliable analysis. The most important are:

e The jets in the MC are now smeared so that they have the same energy resolution
as measured in data.

e All systematic uncertainties were recalculated, and additional sources of system-
atic uncertainty were studied.

e The signal efficiency is corrected for NLO effects.

The measurements in the individual channels can be combined into a single mea-
surement of the cross section. The method used, including the treatment of correlated
systematics, is explained in [124]. The combination gives a cross section measurement
of

oy = 8.1 TZ3(stat) T{S(syst) + 0.8(lumi) pb . (8.15)

The probability for the observations to be compatible with background processes only
is one in one hundred thousand, corresponding to 4.4 standard deviations. This is very
close to a rediscovery of the top quark in Run II.
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The combined result, together with D@ Run I measurement of the ¢¢ cross section
and the theoretical prediction, is shown in Figure 8.10 as a function of center of mass
energy.
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Figure 8.10: DO measurements of the tt cross section at Run I and Run II together with
the theoretical prediction. The uncertainty on the theoretical prediction is dominated
by the uncertainty on the measurement of the top mass.

8.11 Conclusion and outlook

A measurement of the top pair cross section in the e+jets channel at the new Tevatron
center of mass energy of 1.96 TeV was presented. Combining the e+jets channel with
measurements in other ¢¢ decay channels, the process was observed at the 4.40 level.
The measured cross section is consistent with Standard Model predictions.

In Chapter 1 it was explained why studying the properties of the top quark is
important. It should be noted that any measurement on top quarks has to start with
the selection of a sample that is enriched with top quark events, and the estimation of
backgrounds therein. The experimental methods described in this thesis can thus be
important building blocks for other top quark analyses.
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This includes single-top studies, as leptonic single-top events have similar event
signatures (lepton, Ay, two or three jets) and backgrounds (W+jets, QCD). The
observation of single-top production at the 5o level will require about 400 pb~! of
integrated luminosity. This amount of data is expected to be available to the CDF and
D@ experiments by the end of 2004, and the discovery of the single-top production
process should soon follow. With even more integrated luminosity available (the current
plan is for the Tevatron to deliver 4 fb~! to each of the experiments before 2009),
precision studies of all the top quark properties will get underway.



Appendix A

Leading order helicity amplitudes

In this appendix we have collected the partial helicity amplitudes calculated in Chap-
ter 2.

A.1 Helicity amplitudes for W-gluon fusion

We give here the helicity amplitudes for the configurations (p;,pi,ps), (p5,p1,p5),
(3 pa,p3) and (p3,pa s p5 ).
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A.2 Helicity amplitudes for flavor excitation and

the s-channel

We give here the helicity amplitudes for the configurations (p;,pf), and (p3,py).
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Appendix B

Scalar integrals

Expressions for the scalar integrals encountered in Chapter 4 are derived in this ap-
pendix. We calculate the integrals in D = 4 — 2¢ dimensions and use the notation

1
A = ——vy+Indr. (B.1)
£

All integrals are calculated in the Euclidean region (invariants p* < 0 and masses
m? > 0). These expressions can then be continued analytically to the regions of
interest, using the substitution —s — —s —ie (where £ denotes a small parameter, not
to be confused with the one appearing in dimensional regularization) and the formula

In(—s —ie) = In(|s]) —imO(s). (B.2)
Massive integrals: The tadpole is given for m? > 0 by

dPk 1 2
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The bubble with one internal mass is given for —p? > 0, m? > 0 by
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The triangle with two external masses and one internal mass, between the two external
massive lines is given for p? =0, (p; + p2)? = m? > 0 by
dPk 1
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Integrals with no internal masses: The bubble with —p? > 0 is given by
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Six-dimensional integrals: The triangle with an additional power of k%,, in the numer-
ator is equivalent to an integral in D = 6 — 2¢ dimensions and yields for the massless
and massive case

_ dPk k? 5.
C = et [ B
(27) Zk(k’_pl) ((k_pl_p2) —m)

= 5406, (B.9)




Appendix C

Additional backgrounds

In this appendix we will discuss the W+jets background where the W decays to a tau
and we will show that all background contributions coming from Z+jets events can be
neglected.

C.1 W — 7v background

The relative size of this background contribution is estimated from a W+jets Monte
Carlo sample. If the W is allowed to decay only to an electron, 4.7% of the events pass
all cuts up to (but excluding) the topological cuts. If the W can only decay to a tau,
only 0.5% of the events survive these cuts. This is so much lower, because less than
one fifth of the taus decays to an electron, and these electrons have lower energy than
in a direct decay.

In the analysis, the W +jets contribution is a combination of the W events where
the W decays directly to an electron and events where the W decays first to a tau.
The cascade decays make up about 10% of the events. As the jets in these events come
only from initial state QCD interactions, we expect the jet multiplicity spectra to be
the same for both contributions. We can therefore treat them together as one W-+jets
background in the Berends scaling fit. As the efficiency for the topological cuts for
the cascade events (18 & 7%) is consistent with the one found in events where the W
decays directly to an electron, it is correct to treat both W backgrounds together for
the topological cuts, as we do in the analysis.

C.2 “Z+jets backgrounds

The Z+jets events can mimic the correct event signature in two ways:
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e The Z decays to electrons, and one of the electrons is either missed, or not
identified as an electron.

e The Z decays to taus, where one tau decays to an electron (and two neutrinos),
and the other tau decays hadronically.

We study both contributions at once by looking at a Z/Drell-Yan + 2 jet Monte
Carlo sample, where the Z decays to leptons (either ee™ or 7777). In this Monte
Carlo sample, there are 958 events where the Z decays to electrons, both electrons are
reconstructed in the CC and in addition two jets are found. In a data sample of the
same integrated luminosity as used in the analysis we find 48 events that pass these
requirements. This means that the integrated luminosity of the Monte Carlo sample
is roughly twenty times bigger than the 92 pb~! used in the analysis.

If we now apply all the analysis cuts to this same Monte Carlo sample, we see that
only 1 event survives. This includes the contributions from the Z decaying to taus
or electrons. As the integrated luminosity used for the analysis is only 5% of what is
available in the Monte Carlo sample, the background from Z events after all cuts is
0.05 £ 0.05 events, and can thus be neglected.
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Summary

This thesis describes both theoretical and experimental research into top quark pro-
duction. The theoretical part contains a calculation of the single-top quark production
cross section at hadron colliders, at Next to Leading Order (NLO) accuracy. The ex-
perimental part describes a measurement of the top quark pair production cross section
in proton-antiproton collisions, at a center of mass energy of 1.96 TeV.

The theoretical work starts with a Leading Order description of the different single-
top quark production channels. This description includes all Feynman diagrams that
have the same final state as the one where the top quark decays to a lepton, neutrino
and a bottom quark. Only a small subset of the diagrams actually contains a top quark.
It is shown that in each of the channels the top quark is clearly seen in the distribution
of the invariant mass of the lepton-neutrino-bottom combination. In addition, the
validity of the narrow width approximation for these channels is studied.

The next step in the calculation, a NLO description, requires the cancellation of
infrared divergences. The most advanced method to handle this in general is the dipole
method. The extension of this method to massive fermions is developed in this thesis.

In the final part of the theoretical work expressions for the virtual and radiative con-
tributions needed for the NLO calculation are derived. These are then used, together
with the dipole formalism, to implement a NLO Monte Carlo program for single-top
production. In addition, NLO programs were implemented that treat the infrared di-
vergences using the method of phase space slicing. All methods are shown to give
the same distributions for several kinematical variables, and in addition total and dif-
ferential cross sections are calculated for the Tevatron and LHC colliders at different
energies.

The experimental work was done on data collected by the D@ experiment at the
Tevatron collider at Fermilab. The Tevatron is an accelerator that collides protons and
antiprotons at a center of mass energy of 1.96 TeV. The large DO detector surrounds
one of the collision points. It consists of several subdetectors, of which the calorimeter
is the most important for the analysis described in this thesis.

Due to the very high collision rate, a trigger system (consisting of three levels) is
used to select the most interesting events. A trigger was designed that selects events
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that have an electron and jet activity in the calorimeter. Efficiencies for the different
components of the trigger and the total efficiency for the events we are interested in
are derived.

The experimental analysis addresses the top pair production process in the case
where one of the W’s (from the top) decays leptonically, and the other decays to
hadrons. Such a decay mode results in an electron, missing transverse energy (¥£;) and
four jets in the final state. To reduce the huge background from QCD processes in this
decay channel, an electron identification that gives a good separation between real and
fake electrons is needed. Several variables give some discrimination between these real
and fake electrons. A likelihood method is developed that combines the information in
six of these variables to get an optimal separation.

The cross section measurement was performed on a data sample corresponding to
an integrated luminosity of 92 pb~!. The two important backgrounds are the already
mentioned QCD background, and the background from W +jets events, in which the W
decays to an electron and a neutrino. Both backgrounds are estimated from data. The
QCD background is minimized by requiring a good quality electron in addition to Fr.
The remaining QCD background is estimated by studying the behavior of the event
sample under electron identification cuts. The W+jets background is estimated using
the Berends scaling rule, which predicts the number of W plus four jet events from
the number of W’s observed with one, two and three jets. After these backgrounds
have been estimated, a final set of topological cuts is applied to improve the signal
significance. This results in a tf cross section measurement in this channel of

6.2 Tip(stat) 57(syst) pb .

Combining this result with measurements in different decay channels gives a combined
tt cross section measurement of

8.1 *22(stat) *1%(syst) £ 0.8(lumi) pb,

consistent with the Standard Model prediction.



Samenvatting

Dit proefschrift beschrijft zowel theoretisch als experimenteel onderzoek naar top quark
productie. Het theoretisch gedeelte bevat een berekening van de werkzame doorsnede
van single-top quark productie in hadron botsingen, op Next to Leading Order (NLO)
nauwkeurigheid. Het experimentele gedeelte beschrijft een meting van de top paar
productie werkzame doorsnede in proton-antiproton botsingen met een zwaartepunts-
energie van 1.96 TeV.

Het theoretisch werk begint met een Leading Order beschrijving van de verschillende
single-top quark productie kanalen. Deze beschrijving bevat alle Feynman diagram-
men die dezelfde eindtoestand hebben als die waar het top quark vervalt naar een
lepton, een neutrino en een bottom quark. Slechts een klein deel van deze diagrammen
bevat daadwerkelijk een top quark. Er wordt aangetoond dat in elk van de kanalen
het top quark duidelijk te zien is in de distributie van de invariante massa van de
lepton-neutrino-bottom combinatie. Ook wordt de geldigheid van de “narrow width”
benadering voor deze kanalen bestudeerd.

De volgende stap in de berekening, een NLO beschrijving, vereist het tegen elkaar
wegvallen van de verschillende infrarood divergenties. De meest geavanceerde methode
om dit in het algemene geval te doen is de dipool methode. De uitbereiding van deze
methode naar massieve fermionen is in dit proefschrift ontwikkeld.

In het laatste deel van het theoretisch werk worden uitdrukkingen voor de virtuele
en stralings bijdragen afgeleid, die nodig zijn voor de NLO berekening. Deze worden
tezamen met het dipool formalisme gebruikt om een NLO Monte Carlo programma
voor single-top produktie te implementeren. Bovendien zijn er NLO programmas
geimplementeerd die de infrarood divergenties behandelen met behulp van de phase
space slicing methode. Alle methoden geven dezelfde distributies voor diverse kinema-
tische variabelen. Verder zijn er totale en differentiéle werkzame doorsnedes berekend
voor de Tevatron en LHC versnellers bij verschillende energieén.

Het experimentele werk is verricht met data verzameld door het D@ experiment
gelegen aan de Tevatron versneller op Fermilab. De Tevatron is een versneller die
protonen en antiprotonen laat botsen met een zwaartepuntsenergie van 1.96 TeV. De
D@ detector omringt één van de interactie punten van de versneller. De detector
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bestaat uit diverse subdetectoren, van welke de calorimeter het belangrijkst is voor de
analyse die in dit proefschrift beschreven wordt.

Omdat de botsings frequentie zeer hoog is, wordt een trigger systeem (bestaande uit
drie niveaus) gebruikt om de meest interessante events te selecteren. Er is een trigger
ontworpen die events selecteert die een electron en jet activiteit in de calorimeter
hebben. De efficiénties voor de verschillende componenten van de trigger en de totale
efficiéntie voor de events waar we in zijn geinteresseerd worden afgeleid.

De experimentele analyse bekijkt het top paar productie process in het geval waar
één van de W’s (van de top) leptonisch vervalt, en de ander naar hadronen. Dit ver-
val resulteert in een electron, ontbrekende transversale energie (Er) en vier jets in
de eindtoestand. Om de enorme achtergrond van QCD processen in dit vervalskanaal
te reduceren, is een electron identificatie nodig die een goede scheiding tussen echte
en misgeindentificeerde electronen geeft. Verscheidene variabelen geven enige discrimi-
natie tussen echte en misgeindentificeerde electronen. Een waarschijnlijkheids methode
is ontwikkeld die de informatie in zes van deze variabelen combineert om een optimale
scheiding te krijgen.

De werkzame doorsnede meting is uitgevoerd op een data set overeenkomend met
een geintegreerde luminositeit van 92 pb~!. De twee belangrijke achtergronden zijn de
al genoemde QCD achtergrond, en de achtergrond van W+jets events, in welke de W
vervalt naar een electron en een neutrino. Beide achtergronden worden afgeschat met
behulp van data. De QCD achtergrond wordt geminimaliseerd door een goede kwaliteit
electron en Fp te eisen. De overgebleven QCD achtergrond wordt geschat door het
gedrag van de events te bestuderen onder variatie van de electron identificatie snedes.
De W+jets achtergrond wordt geschat door gebruik te maken van de Berends schalings
regel, die het aantal W plus vier jets events voorspelt uit het aantal geobserveerde W's
met een, twee en drie jets. Nadat deze achtergronden zijn afgeschat, wordt een set
topologische snedes gebruikt om de signaal significantie te verbeteren. Dit resulteert
in een tt werkzame doorsnede meting in dit kanaal van

6.2 Tio(stat) T28(syst) pb .
Indien we dit resultaat combineren met metingen in andere vervalskanalen, krijgen we
een gecombineerde ¢t werkzame doorsnede meting van

8.1 *22(stat) *1%(syst) £ 0.8(lumi) pb,

wat consistent is met de Standaard Model voorspelling.
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