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Abstract—A new method for simulating electroweak top-quark production processes is described along
with its computer realization in the SingleTop event generator. Special attention is paid to the correct
combination of events from two parts of the main t-channel production process: 2 → 2 with a b quark
in the initial state and 2 → 3, where an additional b quark appears in the final state. Integration of these
two contributions enables the generation of event samples including the first correction to the leading
perturbation order, avoiding the double-counting problem and negative-weight events. The SingleTop
generator is based on the complete set of the tree Feynman diagrams calculated by the CompHEP package.
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1. INTRODUCTION
After the discovery of the top quark at the Tevatron

Collider [1] and measurement of its mass [2], the main
problem of top quark physics is the detailed study of
its properties within and beyond the Standard Model
(SM). Owing to the large mass of the top quark,
deviations from the SM predictions might be most
likely observed in top-quark physics.

The top quark was discovered in the pair produc-
tion process described by Feynman diagrams with the
t and t̄ quarks produced in the gluon interaction ver-
tex. The single top-quark production is a production
channel associated with the electroweak interaction
of the top quark with the W boson and b quark. As
mentioned by a number of authors [3], single top-
quark production processes might provide precise in-
formation on the top-quark interaction vertices, in
particular, on the structure of the Wtb vertex, which
is responsible for the main decay channel of the top
quark in the SM (the partial decay width is ≈99%)
and is proportional to the matrix element Vtb of the
Cabibbo–Kobayashi–Maskawa mixing matrix. The
processes under consideration are highly sensitive
because the top quark is produced in the Wtb vertex
in contrast to the pair production.

The total cross section for single top-quark pro-
duction (it reaches ≈300 pb at the LHC and ≈2.8 pb
at the Tevatron) [4] is comparable in order of mag-
nitude to the cross section for QCD pair produc-
tion (≈800 pb at the LHC and ≈8 pb at the Teva-
tron) [4]. Owing to the relatively large cross sec-
tion for the single top-quark production, this pro-
cess forms a significant background for many other

interesting processes, for example, for Higgs boson
production. Therefore, the maximum precise kine-
matic description of the single top-quark production
is needed not only for studying the properties of the
top quark itself, but also for solving some other prob-
lems in high-energy physics.

There are three main production processes of the
single top quark at the hadron colliders. Figure 1
displays the Feynman diagrams for all processes in
the leading perturbation order (hereafter, the LO ap-
proximation). Figures 2 and 3 show the typical Feyn-
man diagrams for the t- and s-channel processes
in the next-to-leading perturbation order (the NLO
approximation).

The single top-quark production at the hadron
colliders was previously investigated in [3]. The au-
thors of [5, 6] studied the most complete set of pro-
cesses in the SM that contribute to the single top-
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Fig. 1. Leading-order Feynman diagrams for the single
top-quark production.
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Fig. 2. Typical next-to-leading-order Feynman diagrams
for the single top-quark production in the t-channel pro-
cess.
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Fig. 3. Same as in Fig. 2, but for the s-channel process.

quark production; the authors of [4, 7–11] calcu-
lated the cross sections in the NLO approximation
for the s- and t-channel processes. The complete
Monte Carlo analysis of the production processes of
the single top quark allowing for the main background
effects was performed in [6, 12].

The processes of the single top-quark production
were simulated using various packages, event gen-
erators (hereafter, simply events), based on Monte
Carlo calculations (MC generators): ONETOP [13],
TopReX [14], MC generators using the calculation
packages MadGraph [8, 15] and CompHEP [6, 16],
and PYTHIA MC generator [17]. However, none of
these codes solves all problems associated with the
correct and precise simulatioon of the single top-
quark production processes; some of these problems
are listed below.

(1) The combination of events corresponding to
the diagram in Fig. 2a allowing for the parton show-
ers in the initial state (ISR) and to the diagrams in
Figs. 2b, 2c, and 2d results in double counting in
part of the soft region with respect to PT of the initial
b quark, because the distribution of the b quark in
the proton (hereafter, PDF) is determined from the
kernel of the process g → bb̄ used also in the tree
diagram in Fig. 2d. The direct application of the sub-
traction procedure in the t-channel process results
in a negative weight for part of the events. We can

improve the situation by subtracting the first term of
the gluon splitting function g∗ → bb̄ from the PDF
of b quarks and, following [6], applying the modified
function in all further calculations. This approach is
free from negative-weight events, but the procedure
faces problems in simulating the ISR in the PYTHIA
generator owing to the nonstandard ISR. However,
the ISR mechanism makes it possible to apply an-
other method that gives the correct differential cross
sections and simulates events for the t-channel pro-
cess in the NLO approximation.

(2) As emphasized in [18, 19], the top quark is
produced in electroweak processes with significant
polarization owing to the (V − A) structure of the
Wtb vertex in the SM. As a result, spin correlations
between the production and the decay of the top quark
appear. Therefore, the correct MC generator should
include these correlations.

(3) As we showed in [20], the single top-quark
production processes are sensitive to the anomalous
contributions to the Wtb vertex. In order to study
many scenarios of extending the SM, the MC gen-
erator should include the corresponding anomalous
operators in the Wtb vertex. In addition, it is neces-
sary to include other anomalous vertices, for exam-
ple, the neutral currents that change the quark flavor
(FCNC), etc.

(4) At the LHC collider, t and t̄ quarks are pro-
duced with different cross sections. The correspond-
ing asymmetry in the kinematic distributions is useful
for reducing the systematic errors in the measure-
ment of the top quark parameters [20]. Therefore, it
is necessary to have the possibility to separate the
production models for t and t̄ quarks at the level of
the MC generator.

In this paper, we present the developed method
of the effective NLO approximation for simulating
the electroweak top-quark production processes that
solves the listed problems and generates events in-
cluding the NLO corrections. The method is realized
using the SingleTop MC generator and widely used
in the investigations performed by the collaborations
D0 (Tevatron Collider at FNAL) and CMS (LHC
Collider under construction at CERN). The method
was first applied by the CMS Collaboration and de-
scribed in [21]. In Section 2, we present the total
cross sections for the single top-quark production in
the LO and NLO approximations and describe the
components required for the creation of the SingleTop
MC generator. Section 3 describes the method of
event generation in the effective NLO approximation
for the t-channel process. In Section 4, we compare
the effective NLO approximation with the calcula-
tions in the exact NLO approximation. Section 5 is
devoted to the spin-correlation effects in the single
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top-quark production processes. Section 6 contains
conclusions.

2. CROSS SECTIONS FOR THE SINGLE
TOP-QUARK PRODUCTION PROCESSES

It is convenient to classify the single top-quark
production processes with respect to the virtuality of
the W -boson Q2

W (the four-momentum squared of
the W boson) that is involved in top-quark produc-
tion.

The t-channel process (Q2
W < 0) has the maxi-

mum cross section at both the Tevatron and the LHC
colliders. Subprocesses with the b quark in the initial
state corresponding to the diagrams in Figs. 1a, 2a–
2c will be called the (2 → 2) part of the process,
and subprocesses corresponding to the diagram in
Fig. 2d, where the b quark exists in the final state, will
be called the (2 → 3) part of the process. The latter
contribution is also known as Wg fusion.

The s-channel process (Q2
W > 0) in the leading

perturbation order is described by one 2 → 2 diagram
in Fig. 1b, where the top quark is produced together
with the b quark from the virtual W boson. The cross
section for this process in the SM at the energy of the
Tevatron collider is lower than that of the t-channel
process by a factor of 2.5; at the energy of the LHC
collider, the cross section for the t-channel process
exceeds that for the s-channel process by a factor of
25. However, the s-channel process is sensitive to the
various possible deviations from the SM predictions.

The tW process, where the single top quark is
produced together with the real W boson in the final
state, corresponds to Q2

W = m2
W . The cross section

for the process is negligibly small at the Tevatron
collider owing to the production of two massive par-
ticles in the final state. However, the process cross
section is significant at the energy of the LHC collider.
Since this process involves also the b quark in the
initial state, there is the problem of combination of
the contributions from the diagrams 2 → 2 and 2 → 3
(where the initial state contains the graph g → bb̄).

The first version of the SingleTop MC generator
involves events for the s- and t-channel processes.
The tW process gives a large contribution to the total
cross section for the single top-quark production at
the LHC, but has, in contrast to other processes, a
significantly different signature of the final state simi-
lar to the pair top-quark production (which produces
additional problems in the event generation [22]). The
tW process is not included in the described version of
the MC generator. We are going to add it in the next
version of the SingleTop MC generator. In our calcu-
lations, we used the following values of the physical
parameters:

masses and decay widths: mt = 175.0 GeV, Γt =
1.547 GeV, mb = 4.85 GeV, mc = 1.65 GeV, ms =
0.117 GeV, mW = 79.958 GeV, and ΓW = 2.028 GeV;

α = 1/127.9, sin θW = 0.480 76, αs(mZ) = 0.117
(the PDF set determines the values and the evolution
equation);

parton distribution functions cteq6m determined
by the CTEQ group [23];

the value of the QCD factorization parameter cho-
sen according to the condition of maximum close-
ness of the LO cross section to the NLO cross sec-
tion [12], the resulting typical factorization scale be-
ing QQCD ≈ mt/2 and mt for the t- for the s-channel
processes, respectively [20].

Sullivan [9] showed that the NLO results for the
s-channel process completely coincide with the LO
calculations with a certain K factor. Therefore, the
sample generation procedure for the s channel is very
simple: we prepared the event samples for the pp → tb̄
and pp → t̄b processes (for the Tevatron, the initial
state is pp̄) in the LO approximation, but used the
NLO parton distribution functions cteq6m; then, we
normalized the result to the NLO total cross section.
Tables 1–4 present the LO and NLO cross sections.
The resulting ratio of the cross sections is 1.3 for the
LHC and 1.5 for the Tevatron.

Correct and precise simulation of the t-channel
single top-quark production requires the inclusion of
the significant contribution of the actual NLO correc-
tion with the gluon splitting g → bb̄ (the diagram in
Fig. 2d). One of the methods for accurately including
this correction is the combination of the 2 → 2 dia-
grams (with the b quark in the initial state) with the
2 → 3 diagrams (with the explicit inclusion of the g →
bb̄ subgraph). In such combination, it is necessary to
subtract the first term in the expansion of the gluon
splitting function (g → bb̄) in order to avoid double
counting in the parton distribution function and in
the matrix element [3, 5, 12]. However, owing to
the problems considered in the preceding section, we
developed another simulation method for this correc-
tion, the method of the effective NLO approximation
described in the next section. The method requires
three components: events for the pp → tq(t̄q) and
pp → tq(t̄q) + b processes and the NLO total cross
section for the pp → tq + t̄q process (for the Tevatron,
the initial state is pp̄). Table 3 contains the LO total
cross sections for the t-channel t- and t̄-quark pro-
duction.

It is worth noting that the pp → tbg process has
the same final state that the t-channel process has.
However, it is natural to consider it as an NLO cor-
rection to the s-channel process and to take it into
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Table 1. Leading-order total cross section (in pb) for the s-channel top-quark production obtained with the NLO parton
distribution functions. The cross section for the pp → tb̄(t̄b) process is 4.96(3.09) pb at the LHC and the cross sections
for the pp̄ → tb̄ and pp̄ → t̄b processes at the Tevatron energy are both equal to 0.30 pb (numbers in parentheses)

Subprocesses

ud̄ → tb̄ d̄u → tb̄ d̄c → tb̄ cd̄ → tb̄ dū → t̄b ūd → t̄b c̄d → t̄b sc̄ → t̄b

us̄ → tb̄ s̄u → tb̄ s̄c → tb̄ cs̄ → tb̄ sū → t̄b ūs → t̄b dc̄ → t̄b c̄s → t̄b

2.22 (0.291) 2.22 (0.006) 0.26 (0.001) 0.26 (0.001) 1.285 (0.291) 1.285 (0.006) 0.26 (0.001) 0.26 (0.001)

Table 2. Next-to-leading order total cross section (in pb) for single top-quark production at mt = 175 GeV [4].
The parton distribution functions cteq5m1 are used. The QCD scale is Mtb for the s-channel process. This scale is√
−(pt − pb)2 for the light-quark line and

√
−(pt − pb)2 + m2

t for the heavy- quark line in the t-channel process. The
error includes the statistical error 0.1−0.4% and the error from the variation of the QCD scale: ±5% for the Tevatron and
±2% for the LHC

Collider Process t t̄ t + t̄

LHC t channel 152.6 ± 3.1 90.0 ± 1.9 242.6 ± 3.6

s channel 6.55 ± 0.14 4.1 ± 0.1 10.6 ± 0.17

Tevatron t channel 0.95 ± 0.1 0.95 ± 0.1 1.9 ± 0.1

s channel 0.44 ± 0.04 0.44 ± 0.04 0.88 ± 0.05

Table 3. Leading-order cross section (in pb) for the t-channel process with the cutoff PT (b) > 10 GeV (the cutoff
parameter choice is explained in Section 3) and with the NLO parton distribution functions. The cross sections for
the pp → tqb̄ and pp → t̄qb processes at the LHC energy are 82.3 and 47.9 pb, respectively. The cross sections for the
pp̄ → tqb̄ and pp̄ → t̄qb processes at the Tevatron energy are both equal to 0.379 pb (numbers in parentheses).

Subprocesses

ug → dtb̄ ug → stb̄ d̄g → c̄tb̄ ūg → d̄t̄b ūg → s̄t̄b dg → ct̄b

gu → dtb̄ gu → stb̄ gd̄ → c̄tb̄ gū → d̄t̄b gū → s̄t̄b gd → ct̄b

cg → dtb̄ cg → stb̄ s̄g → c̄tb̄ c̄g → d̄t̄b c̄g → s̄t̄b sg → ct̄b

gc → dtb̄ gc → stb̄ gs̄ → c̄tb̄ gc̄ → d̄t̄b gc̄ → s̄t̄b gs → ct̄b

d̄g → ūtb̄ dg → ut̄b

gd̄ → ūtb̄ gd → ut̄b

s̄g → ūtb̄ sg → ut̄b

gs̄ → ūtb̄ gs → ut̄b

68.8 (0.328) 7.6 (0.03) 5.9 (0.021) 36.2 (0.328) 4.9 (0.03) 6.8 (0.021)

account when calculating the s-channel single top-
quark production. Therefore, we omit the cross sec-
tion for the pp → tbg process from the table of the LO
cross sections for the t-channel process.

The developed event-generation procedure also
requires the pp → tj(t̄j) events, that is, the events
in the LO approximation. Table 4 contains the cross
sections for various subprocesses of this process.
However, when combining such events with the

events obtained for the (2 → 3) part, we will calculate
the cross section based on the NLO total cross
section (see the next section) rather than the numbers
from Table 4. The NLO total cross sections for the
s- and t-channel processes are taken from [4] and
presented in Table 2 displays.

The SingleTop MC generator is based on the
CompHEP package [16] designed for particle-
physics calculations and the interface library
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Table 4. Leading-order total cross section (in pb) for the t-channel top-quark production with the NLO parton
distribution functions. The cross section for the pp → tj(t̄j) process at the LHC energy is 155.39(89.85) pb. The
cross sections for the pp̄ → tb̄ and pp̄ → t̄b processes at the Tevatron energy are both equal to 0.966 pb (numbers in
parentheses)

Subprocesses

ub → dt ub → st d̄g → c̄t ūb̄ → d̄t̄ ūb̄ → s̄t̄ db̄ → ct̄

bu → dt bu → st gd̄ → c̄t b̄ū → d̄t̄ b̄ū → s̄t̄ b̄d → ct̄

cb → dt cb → st s̄g → c̄t c̄b̄ → d̄t̄ c̄b̄ → s̄t̄ sb̄ → ct̄

bc → dt bc → st gs̄ → c̄t b̄c̄ → d̄t̄ b̄c̄ → s̄t̄ b̄s → ct̄

d̄b → ūt db̄ → ut̄

bd̄ → ūt b̄d → ut̄

s̄b → ūt sb̄ → ut̄

bs̄ → ūt b̄s → ut̄

129.26 (0.869) 15.01 (0.057) 11.12 (0.040) 66.99 (0.869) 10.05 (0.057) 12.81 (0.040)

CPYTH [24] designed for the transition of the sim-
ulated events from the CompHEP package to the
PYTHIA package. At the first step, the SingleTop
generator simulates events at the parton level for
the final particles. Then, the events are input to the
PYTHIA MC generator using the CPYTH package.
The PYTHIA package simulates parton emission
(ISR/FSR), as well as hadronization and multiple
interaction effects. Finally, the events might be de-
veloped to the simulation of the response from an
actual detector. In such a setting, the MC generator
preserves the correct spin structure of an event and,
therefore, all spin correlations in decay events are
taken into account. The samples of events of all
necessary subprocesses were prepared for further
investigation. These samples correspond to the first
version of the SingleTop MC generator. All event
files are available from the databases with the event
samples of the CMS [25] and D0 [26] Collaborations.

3. METHOD OF EVENT SIMULATION IN
THE EFFECTIVE NLO APPROXIMATION
The cross sections for the pp → tqb process (Ta-

ble 3) are obtained in the LO approximation including
the total set of the Feynman diagrams with the top
quark appearing together with the additional b quark
and the light quark in the final state (the 2 → 3 pro-
cess1)). However, the calculation of the 2 → 3 pro-
cess in the tree approximation does not include large

1)We notice that all events for the MC generator are prepared
with the decayed top quark; therefore, the process name
2 → 3 is rather conditional in this case. At the parton level,
the process is 2 → 5, where three particles are the decay
products of the top quark and two particles are two additional
quarks.

logarithmic QCD corrections that are associated with
the g → bb̄ graph and appear for low transverse mo-
menta of the b quark. We can sum the corrections
in the standard way and include them in the parton
distributions of b quarks in the proton. In this case,
the LO approximation for the t-channel process is the
2 → 2 reaction with the b quark in the initial state
(the diagram in Fig. 1a and the cross sections in
Table 4). Nevertheless, the b quark should anyway
appear in the final state, because b quarks can appear
in the proton only in pairs from an off-shell gluon
(g∗ → bb̄). The final b quark in the 2 → 2 process
can be simulated by using the ISR mechanism in an
MC generator such as the PYTHIA generator. An
additional b quark will appear in one of the shower
cascades, when we use the kernel of the g∗ → bb̄
process.2) One of two b quarks serves as the initial
parton in the hard reaction, whereas the other quark
appears in the final state. Below, we will show that
the combination of the events for the 2 → 2 and 2 → 3
processes effectively generates NLO events.

The calculation of the 2 → 3 process in the tree
approximation does not involve large logarithmic cor-
rections associated with the g∗ → bb̄ process, but
reproduces the correct PT behavior of the b quark
in the hard region. On the other hand, introducing
the parton distribution for the b quarks and using the
ISR mechanism to simulate the final b quark, one can
generate events with the correctly simulated soft b
quark, but the contribution from the hard PT (b) re-
gion is significantly underestimated. Thus, we should

2)The b-quark behavior for soft transverse momenta was dis-
cussed in [27, 28].
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Fig. 4. Particle distributions in the transverse momentum PT and pseudorapidity η for the pp → tq + bISR (simulated using
the PYTHIA package) and pp → tq + bLO (calculated using the CompHEP package) processes at the LHC collider without
kinematic cutoff. The distributions are normalized to unity.

use different approximations in different PT (b) re-
gions. Unfortunately, it is impossible to combine the
samples of the 2 → 2 and 2 → 3 processes in a naive,
straightforward way, because the contribution from
a certain part of the phase space would be included
twice. The double counting problem can be solved by
separating the regions where individual calculation
methods are used with respect to a certain typical
kinematic parameter.

Figures 4–7 show the distributions normalized to
unity that are obtained by two different calculation
methods for the Tevatron and LHC colliders. The
PT and pseudorapidity distributions of the top quark
coincide with the respective distributions of the light
quark for both the LHC (Fig. 4) and the Tevatron

(Fig. 6). However, the distributions for the additional
b quark (produced not owing to the decay of the
top quark) are significantly different (Figs. 5 and 7).
The distribution in pseudorapidity η(b) has peaks at
larger values of η(b) as compared to the distributions
obtained with the tree matrix element 2 → 3. In the
latter case, b quarks are distributed in the central re-
gion, while the PT (b) spectrum simulated by the ISR
mechanism in the PYTHIA MC generator is softer in
agreement with our expectation. If we apply the kine-
matic cutoff PT (b) > 20 GeV, the cross section for
the pp → tq + bLO (116 pb) process generated with
the complete matrix element would be several times
larger than the cross section for the 2 → tq + bISR
process (25.4 pb).
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The main contribution of large logarithmic correc-
tions appears in the soft PT (b) region. Therefore, it
is reasonable to choose the transverse momentum of
the additional b quark as the kinematic parameter for
separating the soft and hard regions. Then, in order to
generate NLO events, we apply the following proce-
dure. In the hard PT (b) region above a certain thresh-
old P 0

T , we take events for the 2 → 3 process with
the cross section calculated using the CompHEP
package. In the soft region, we take the events for the
2 → 2 process with the cross section multiplied by a
certain K factor in order to include loop corrections,
which weakly change the event kinematics. The K
factor is calculated from the normalization condition
of the cross section for the obtained event sample to
the NLO total cross section for the t-channel process:

σNLO = KσPYTHIA(2 → 2)|PT (b)<P 0
T

+ σCompHEP(2 → 3)|PT (b)>P 0
T
.

It is seen that the coefficient K is a function of the
matching parameter P 0

T . For example, in the case of
the LHC collider, we obtain

σCompHEP(2 → 3)|PT (b)>20 GeV ≈ 108.7 pb,

σCompHEP(2 → 3)|PT (b)>10 GeV ≈ 125.7 pb

and K = 0.89 for P 0
T = 20 GeV and K = 0.77 for

P 0
T = 10 GeV. For the Tevatron collider, we obtain

σCompHEP(2 → 3)|P b
T >20 GeV ≈ 0.46 pb,

σCompHEP(2 → 3)|P b
T >10 GeV ≈ 0.72 pb

and K = 1.32 for P 0
T = 20 GeV and K = 1.21 for

P 0
T = 10 GeV.

The natural criterion for the correct determination
of the matching parameter P 0

T (b) is the smoothness
of the PT distribution for the additional b quark in
the whole kinematic region. Figures 8 and 9 show
the matching results at the value P 0

T (b) = 20 GeV.
We can observe a prominent convexity in the match-
ing region. After certain investigation, we found that
the PT (b) distribution becomes smooth at a match-
ing parameter of P 0

T (b) = 10 GeV. Figures 10 and
11 show the corresponding distributions. Therefore,
the boundary between the soft and hard regions is
P 0

T (b) = 10 GeV and thereby the event generation
procedure is completed in the whole phase space. We
refer to this algorithm as the effective NLO approxi-
mation.

4. COMPARISON OF THE EFFECTIVE
AND EXACT NLO APPROXIMATIONS

Sullivan [9] demonstrated that the NLO results for
the s-channel process completely coincide with the
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Fig. 5. Distributions of the additional final b quark in
the transverse momentum PT and pseudorapidity η in
the t-channel process for the LHC collider without kine-
matic cutoff. The CompHEP and PYTHIA curves refer to
the pp → tq + bLO and pp → tq + bISR processes, respec-
tively. The distributions are normalized to unity.

LO calculations with the accuracy to the K factor.
Therefore, the LO and NLO distributions coincide
with each other.

The event simulation method described in the
preliminary section enables one to simulate events
with the single top-quark production in the t-channel
process including the NLO corrections. In order to
clearly demonstrate the validity of such an approach,
we compared the most indicative distributions ob-
tained on the basis of the generated event sample
with the exact NLO distributions. We performed the
comparison with the results of two NLO independent
calculations. The ZTOP [9] and MCFM [10] code
packages can calculate the kinematic distributions
including the NLO corrections. In ZTOP, the top
quark is simulated disregarding its decay, while the
MCFM package includes the NLO corrections also
in the decay of the top quark.3) For this reason, we
compared the distributions of the final quarks in the
transverse momentum and in the pseudorapidity for
the ZTOP and SingleTop software modules. The
distributions shown in Fig. 12 are in good agreement

3)It is worth noting that the SingleTop generator simulates
events with the parton showers for the final quarks; in this
way, the SingleTop includes the most part of the NLO cor-
rections to the decay of the top quark.
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Fig. 6. The same as in Fig. 4, but for the Tevatron collider.

with each another. The SingleTop and MCFM cal-
culations of the distributions of the leptons from the
decay of the top quark in the transverse momentum
and pseudorapidity are shown in Fig. 13. These
distributions also almost coincide with each other.

The comparison demonstrates excellent agree-
ment of the distributions obtained by the SingleTop
MC generator and the ZTOP and MCFM code
packages for all objects in the final state of the
t-channel process, which gives additional support for
the proposed approach to the event simulation by the
method of the effective NLO approximation.

5. SPIN CORRELATIONS IN THE SINGLE
TOP-QUARK PRODUCTION PROCESSES

The top quark is produced in the s-channel pro-
cess in the Wtb vertex, which has the (V − A) struc-
ture. As a result, the top quark is highly polarized. It is
easy to show that the spin projection axis correspond-
ing to the maximum polarization is the momentum
direction of the d̄ quark from the initial state in the
rest frame of the top quark [18]. Owing to the cor-
respondence between the decay and production dia-
grams of the top quark (the diagrams are topologically
equivalent), the best probe for the top quark spin is
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Fig. 7. The same as in Fig. 5, but for the Tevatron collider.

its decay-product lepton [19]. Thus, the best variable
to observe spin correlations in the s-channel process
is the cosine of the angle between the momenta of
the initial d̄ quark and the lepton in the rest frame of
the top quark. Spin correlations can be numerically
characterized by the coefficient Rspin of cos θ∗

e+,d̄
in the

normalized distribution

1
σ

dσ

d cos θ∗
e+,d̄

=
1 + Rspin(s̄) cos θ∗

e+,d̄

2
.

Then, Rspin(p̄d) = 1 (or 100%) for the s-channel pro-
cess. Since the NLO approximation is manifested
only in the K factor in this process, we do not expect
any significant reduction of Rspin owing to the inclu-
sion of NLO corrections.

The diagram of the t-channel process in the LO
approximation is also topologically equivalent to the
decay diagrams of the s-channel process. Thus, the
top quark is polarized, and the axis of the maxi-
mum polarization is the momentum of the final light
quark in the rest frame of the top quark. The dot-
ted histogram in Fig. 14 corresponds to LO events.
The first-order polynomial fit to the distribution gives
Rspin(p̄d)LO = 0.98 ± 0.02, which indicates the max-
imum polarization of the top quark in the LO ap-
proximation. In the NLO approximation, a significant
contribution comes from the real correction with the
additional b quark. In this process, the top quark can
be produced in the QCD vector interaction vertex
with the gluon, which reduces the polarization of
the top quark. However, this reduction is not strong
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because the main contribution to the pp → tqb pro-
cess comes from the diagram with the Wtb produc-
tion vertex of the top quark. The solid histogram in
Fig. 14 shows the distribution of the NLO events in
cos θ∗l+,d. The straight-line fit of the distribution gives
Rspin(p̄d)NLO = 0.89 ± 0.02, which indicates the in-
significant reduction of the polarization value.

The tW process requires special consideration.
The leading order Feynman diagrams for this process
include two diagrams; in one of them, the top quark
is produced in the QCD interaction vertex with the
gluon, and its contribution to the total cross section
is comparable to the electroweak-interaction contri-
bution. In [19], it was shown how to increase the
polarization of the top quark from the initial 24 to
80–90% by means of cutoffs with respect to certain
kinematic variables.

It is worth noting that the measurement of the top-
quark polarization is a difficult task in all processes.
First, it is necessary to reconstruct the rest frame
of the top quark with maximum possible precision,
because measurements should be performed in this
reference frame. Second, the kinematic cutoffs that

are required to separate trigger events might be cor-
related with the spin variables, which complicates the
measurement of the Rspin value in a real experiment.
However, the study of spin effects in single top-quark
production processes is an important problem, be-
cause it provides the possibility of testing the SM
in the sector of the third-generation fermions and
searching for the deviations from the SM.

6. CONCLUSIONS

We developed a method for simulating electroweak
top-quark production events. This method allows the
effective inclusion of the NLO corrections at the event
generation level and the solution of such problems as
the appearance of negative-weight events and double
counting of certain Feynman diagrams. On the basis
of this method, we created the first version of the
SingleTop Monte Carlo generator. The created pack-
age was used to generate various samples of single
top-quark production events in the t- and s-channel
processes for the Tevatron and the LHC colliders. The
generated events are used by the D0 and the CMS
Collaborations in the experimental analyses and are
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available from the event sample databases FNAL
MCDB [26] and CMS MCDB [25], respectively.

We found that the value P 0
T (b) = 10 GeV is a

boundary between the hard and soft regions of the
transverse momentum PT of the additional final b
quark in the t-channel process. The hard and soft
regions require different methods for calculating the
cross sections and event simulation. Events with
P 0

T (b) > 10 GeV are generated by the code part of the
SingleTop MC generator that includes the complete
set of tree diagrams for the pp(pp̄) → tjb process.
Events with P 0

T (b) < 10 GeV are generated by the
code part for the pp(pp̄) → tj process, where the
additional b quark appears in the parton shower in the
initial state. The PYTHIA MC generator is used for
shower simulation. The hard and soft regions form the
complete phase space for the pp(pp̄) → tjb process,
and the cross section in the soft region is normalized
so that the total cross section is equal to σNLO for
the t-channel process. The procedure of matching the
event samples is called the method of event simulation
in the effective NLO approximation.

The SingleTop MC generator based on the
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CompHEP package for symbolic and numerical cal-
culations includes NLO corrections in the production
and decay of the top quark, spin correlations for
the top quark, and finite widths of the top quark
and W boson. It can simulate the t- and t̄-quark
production processes separately both in the SM and
with the inclusion of the FCNC vertices and anoma-
lous contributions to the Wtb vertex [20] (magnetic
moments of the particles and (V + A) structure).
The SingleTop MC generator involves all details of
the current understanding of the single top-quark
production processes and is a powerful tool for the
phenomenological analysis of processes involving the
top quark.
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