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Abstract

We validate the s- and t-channel single-top-quark production Monte Carlo samples
used in the CDF Run II single-top search by comparing to next-to-leading-order
calculations. We see good agreement in the rates and in the shapes of transverse
momentum (pr) and pseudorapidity (n) distributions of leading and 2"?-leading jets.
In addition, we estimate the systematic uncertainty on the Monte Carlo model.



1 Introduction

Besides the top quark pair production via the strong interaction, discovered at the Fermi-
lab Tevatron Collider in 1995 by the CDF and DO collaborations [1, 2], the Standard
Model (SM) also predicts the electroweak production of single-top-quarks, which has not
yet been observed. The discovery of single-top production and the subsequent precise
measurement of its cross section are main goals of the collaborations at the Fermilab
Tevatron Collider. In Run I (1992-95) of the Tevatron several upper limits on single-top
production cross sections were set by the CDF [3, 4] and DO [5, 6] experiments. The
Run I results have been recently surpassed by the latest Run II measurements [7, 8]. A
comprehensive review of top quark physics can be found in reference [9].

In proton-antiproton (pp) collisions at the Tevatron, two production modes for single-top
are dominating: the ¢-channel process (Figure 1 (a)) with a total NLO cross section of
1.9870:25 pb and the s-channel process (Figure 1 (b)), also called W* production (0.88 +
0.11 pb at NLO) [10, 11]. In pp collisions the third electroweak production mode, the
associated production (Figure 1 (¢)), known as Wt production, has by comparison a small
cross section of 0.09415:515 pb (no full NLO calculation) [12]. All indicated cross sections
are calculated with a top mass of 175 GeV/c?%.
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Figure 1: Leading-order (LO) Feynman diagrams of single-top production
modes: t-channel (a), s-channel (b) and associated production (c).

A good understanding of the signal characteristics of the relevant single-top production
modes is indispensable for further analyses. For the s-channel production mode, the avail-
able Monte Carlo (MC) generators are in good agreement with the next-to-leading-order
(NLO) calculations. The ¢-channel production mode has one important NLO contribution
which is not modeled by the present leading-order (LO) MC generators. This leads to
the fact that there is yet no generator which produces an appropriate signal sample. The
Tevatron Run I analyses used the PYTHIA MC generator [13], knowing that it is not
accurate in some aspects. As a workaround a matching procedure of two matrix element
MC samples was proposed [14] to compensate for the inaccuracy. In the recent Run II
single-top analysis the CDF Collaboration used besides the LO sample an additional sam-
ple, which models the important NLO contribution. In the following this will be called
NLO sample. Both are produced by the MadEvent MC generator [15, 16|, showered by
PYTHIA and matched in such a way as to achieve an improved modeling [17].



In this note, the matching of the ¢-channel samples is optimized. This is done by compar-
ing the distribution, which has to be matched, to the prediction of a next-to-leading-order
calculation, provided by the ZTOP software [11]. The occurring differences are minimized
by changing the matching parameters, especially the fraction of the NLO sample. The s-
and newly matched t-channel signal samples are then validated by means of the ZTOP
NLO calculations. The resulting deviations are used to estimate the systematic uncer-
tainty on the Monte Carlo model.

The note is organized as follows. In Section 2 the underlying theory of leading- and next-
to-leading-order calculations of t-channel single-top production is briefly discussed. The
software, which produced the NLO distributions, namely ZTOP, along with the relevant
parameters is described in Section 3. In Section 4 we give a short description of the
MadEvent MC samples and we illustrate the matching of the ¢-channel signal samples.
The validation of the samples, presented in Section 5, is followed by Section 6, which cov-
ers the estimate of the systematic uncertainty on the signal modeling. The note concludes
in Section 7 with suggestions for improvements of the single-top MC production.

2 Next-to-Leading-Order Calculations

NLO calculations are essential to compare theory with experimental results. The most
important NLO correction to the t-channel leading-order process shown in Figure 1 (a) is
the 2—3 process, which is known as W-gluon fusion, where an initial gluon splits into a
bb pair (Figure 2 (a)).

Figure 2: Some NLO Feynman diagrams of ¢-channel single-top production:
W-gluon fusion (a), initial state gluon splitting (b) and gluon radiation (c)

If the b quark is considered massless in the computation of the 2—3 matrix element, the
gluon splits into a real bb pair with the final state b quark (in the following called 2"9-b
quark in order to distinguish from the b quark coming from the decay of the top quark)
being collinear with the incoming gluon. Given that the internal b quark is on-shell, its
propagator is infinite and the Feynman diagram becomes singular. As in reality the b
quark is not massless, the mass my regulates the collinear singularity, which is described
by terms of In[(Q? + m?)/m?], where Q? is the virtuality of the W boson. The W-gluon
fusion cross section contains these logarithmic terms of order In"[(Q* + m?)/m?]/n! at
every order n of the perturbative expansion in the strong coupling due to the collinear
emission of gluons from the internal b quark propagator. This leads to the fact that, since
the logarithms are large, the perturbation series does not converge quickly.
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However, by introducing a b quark distribution function, one can sum up all collinear
logarithms and bypass the convergence difficulty. Due to this method the cross section of
the process in Figure 1 (a) is of order in[(Q* + m?)/mj}], the diagram in Figure 2 (a) also
contains these terms, even though they are already summed into the b quark distribution
function. So, to avoid double counting, one needs to remove these terms. This subtraction
method, carried out in reference [18], achieves the same results within the errors as the
phase space slicing method [10], upon which the ZTOP software is based. This analytic
form of NLO cross section calculation is fully differential, therefore experimental cuts can
be implemented.

3 ZTOP Software

As mentioned above, the ZTOP software, a program to calculate NLO s-channel and
t-channel single-top-quark production distributions, is based on the phase space slicing
method, namely on a spin-averaged version. Since it provides the possibility to calculate
transverse momentum and pseudorapidity distributions within the geometrical acceptance
of a given detector, it is very appropriate to verify event samples of MC generators. The
method of ZTOP is fully differential and produces final state jet and not parton distri-
butions. This is a consequence of the formalism of the NLO calculations. Instead of
flavor-ordered partons one has to compare pr-ordered jets. Since b quark jet distributions
differ from those of light quark jets, ZTOP distinguishes between jets with and without b
quark content. This b quark is always the already mentioned 2"-b quark, because ZTOP
does not cover the decay of the top quark. Further contributions to light quark jets may
come from initial- or final-state gluon radiation, for instance Figure 2 (c). As a result of
all these matters, ZTOP produces the following relevant distributions: py and 7 of the
top quark at parton level, as well as of the pp-ordered leading jet and of the 2"-leading
jet. There are separate distributions for jets with or without b quark content.

To produce the NLO distributions, we used ZTOP version 1.0 with the default parameters,
except for minor adjustments: the ¥ boson mass was set to 80.42 GeV/c?, the top quark
mass was set to 175 GeV/c? and the kp cone size was set to 0.54, which corresponds
to a fixed cone size of 0.4 used by CDF. To get better statistics, the initial number of
Vegas iterations and points were set to the values recommended for graphing. The parton
density functions were set to CTEQ5M1. Only top (no antitop) quark production was
performed. Thus, the cross section was doubled to match the predictions for top and
antitop production. Since the antitop distributions in pp collisions differ solely by the
signs of 77, we plot ), - n distributions when comparing with MadEvent, which contains
top and antitop events. Here @); is the charge of the lepton coming indirectly from the
top quark decay (+1 for top, -1 for antitop quark production in units of the elementary
charge).



4 MadEvent Signal Samples

The CDF Run I single-top analysis used PYTHIA to generate s- and t-channel MC events.
For the t-channel it is known that PYTHIA generates too soft and too far forward dis-
tributed 2"?-b quarks. The reason for that is that PYTHIA starts with the LO 2—2
diagram (see Figure 1 (a)), i.e. with a b quark PDF and then creates the initial state
through backward evolution (DGLAP scheme [19, 20, 21]). Using this method, only the
soft region of the transverse momentum of the 2"?-b quark is well modeled, while the hard
region is underestimated. To bypass this problem, the CDF Run II single-top analysis
chose MadEvent as MC generator, which brings along two advantages:

First, it provides the opportunity to generate two independent t-channel samples, the
2—2 LO process with a b quark PDF to cover the soft pr range and another 2—3 NLO
process (see Figure 2 (a)) with an initial state gluon splitting into a bb pair for the hard
range. Both processes differ in the number of final state partons: the 2—2 matrix element
includes the light quark and the decay products of the top quark, namely a lepton, a neu-
trino and the so-called 1%%-b quark in the final state. The 2—3 matrix element includes the
same final state partons plus an additional b quark, the already mentioned 2"¢-b quark.
Second, MadEvent fully incorporates the spin of the top quark in contrast to the PYTHIA
generator. One interesting feature of electroweak top quark production is that the top
quarks are produced 100% polarized along the direction of the down-type quark (¢’ in
Figure 1 (a), (b) and 2 (a)) in the top quark rest frame [22, 23, 24]. It is important to
include this feature in the Monte Carlo description since it can be used to discriminate
single-top-quark events from background.

Because MadEvent is designed to produce events at parton level, one needs a parton
showering software to compute all desired final state particles and hadrons. For this pur-
pose PYXTRA was used, a software interface that passes on the MadEvent output to
PYTHIA, where a strong-angular-ordered showering is done through emission of QCD
radiation.

4.1 Cross Section based Matching

For the upcoming CDF single-top analysis, the s- and t-channel MadEvent MC sample
production at the end of 2004 was conducted with a top quark mass set to 178 GeV/c?,
corresponding to the then valid world average. As already addressed, two independent
t-channel samples were generated.

A matching of the two MC samples was conducted by the single-top group in such a
manner, that an event was accepted, if simultaneously both the pr of the 2"%-b quark
was lower (higher) than a fixed threshold Kt and the event was from the 2—2 LO (2—3
NLO) process. By this procedure, as described in [14], double counting of events from the
same phase space is avoided. One obtains a combined t-channel single-top MC sample
with a pp-spectrum of the 27%-b quark valid in both the soft and the hard region and with
a continuous transition between them. The threshold Kr is defined as the intersection
of the LO and NLO py distributions. To calculate this intersection point, the rates of
the LO and NLO distributions were normalized to their respective cross sections obtained
from MadEvent [17].



According to the MadEvent calculations, the ratio of the two cross sections was R =
oro/onro = 1.42. Using this value the intersection point K7 was about 10 GeV (see
Figure 3 (a)). 144445 events out of the 2—2 sample and 58316 events of the 2—3 sample
were merged into the matched MadEvent sample, whose resulting pr distribution is shown
in Figure 3 (b).
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Figure 3: Matching procedure of the m; = 178 GeV/c? sample in logy, scale:
2md_p quark pr of unmatched MadEvent 2—2 LO and 2—3 NLO samples with
intersection at about 10 GeV (a), matched sample (b).

4.2 Slope based Matching

During 2005, new top-mass analyses with improved precision were conducted at CDF and
D@. They made clear, that the next, not yet published, world average of the top-mass
will move towards a lower value. Thus, the CDF Collaboration decided to use a top mass
of 175 GeV/c? for all upcoming analyses. Due to this, new samples had to be produced
from the CDF single-top group. In the 178 GeV/c? t-channel sample, the rate of the
2"d_p quark jet was found to be too low when comparing to NLO calculations. Since the
b quarks contributing to these jets are all from the 2—3 MadEvent sample, which was,
compared to the 2—2 sample, scaled down by the cross section ratio R = 010/0n10 and
merged into the matched signal sample, one could improve the fraction between the 2—2
and 2—3 events by introducing a new matching procedure for the new generation. Such
a new method is proposed in reference [17].

Instead of using the cross section ratio R, whose physical meaning is ambiguous, the
single-top group used the minimum of the differences of the slopes of the two 2"-b quark
pr distributions at their intersection point K7 in dependence of the ratio R, to find the
best mixing ratio, which leads to a smooth transition. The resulting distribution with
an intersection at Kp = 15.2 GeV and a cross section ratio of R = op0/onro = 2.09 is
shown in Figure 4 (a), the matched sample in (b).
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Figure 4: Matching with slope minimization of the m; = 175 GeV/c? sample
in logg scale: 2"%-b quark pr of unmatched MadEvent 2—2 LO and 2—3 NLO
samples with intersection at 15.2 GeV (a), matched sample (b).

4.3 Fraction based Matching

It is obvious from Figure 4, that the new fraction of 2"%-b quarks from the hard region
decreases compared to the 178 GeV /c? sample, where we found that the rate of the hard
2md_p quark jets was too low. Therefore a third matching procedure, proposed in reference
[11], is conducted. The underlying concept is to vary the ratio R = o.0/0nLo, more pre-
cisely the fraction of 2—3 events, until the rate of 2"%-b quark jets from the hard region
comply to the NLO predictions of the ZTOP software.

In a first pass, we choose a ratio of R = 1.4 (about the same as for the 178 GeV /c? sample)
to be the working point for further estimates. Figure 5 shows the associated intersection
point at K7 =11 GeV.
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Figure 5: Intermediate step of the matching of the m; = 175 GeV/c? sample:
2"_p quark pr of unmatched MadEvent 2—2 LO and 2—3 NLO samples (in
logip (a) and linear (b) scale) with intersection at 11 GeV.



In the second pass, a new R ratio is estimated, which should meet the following prediction
of the NLO calculation: within the detector cuts, a 2"%b quark jet appears in 21.1% of
all events. The detector cuts, motivated by the single-top analysis, are pr > 15 GeV and
In| < 2.8. To fulfill this NLO prediction, the MadEvent R = 1.4 sample should have about
59800 visible 2"¢-b quarks out of the total of 283410 events. As highlighted in Figure 5
(b), 56580 events include a 2"%-b quark with pr > 15 GeV, whereof about 98.5% pass the
In| < 2.8 cut.

9 - @ 40000
= 4000 — — 25210 Entries 243290 = —2->2L0O Entries 242753
0 u T
3000 __ —2 ->3 NLO Entries 188604 30000 —2->3 NLO Entries 188279
: Ky =9.40
2000F- 20000
1000— 10000
- Integral = 62496
O_ f Lo L1 i L 0 |
0.1 1 10 100 1000 0 5 10 15 20 25 30 35 40 45 50
P’ [GeV] pT" [GeV]
(a) (b)

Figure 6: 2"%-b quark pr of unmatched MadEvent 2—2 LO and 2—3 NLO
samples: intersection in smoothed logyo distribution (a), in linear scale (b).

By increasing the fraction of 2—3 events from 170426 to 188279 and thereby decreasing
the ratio from R = 1.4 to R = 1.29, appropriate matching parameters are found. The
value of K1 =9 GeV, the nearest integer at the intersection of the smoothed distributions
of the sub-samples (Figure 6 (a)), results in 62496 2"¢-b quarks with py > 15 (highlighted
in Figure 6 (b)). 61521 of them pass the |n| < 2.8 cut, which exactly matches the NLO
predictions of 21.1% of the total of 291738 events. The resulting sub-samples and the
matched t-channel sample are shown in Figure 7.
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Figure 7: Matching of the m; = 175 GeV/c? sample: 2"4-b quark pr of un-
matched MadEvent 2—2 LO and 2—3 NLO samples (a), matched sample (b).



5 Validation

To validate the MadEvent s- and t-channel MC samples by means of the ZTOP calcula-
tions, acceptance cuts of pr > 15 GeV and |n| < 2.8 are applied to the jet distributions
of light quark and b quark. These cuts are motivated by the jet definition used in the
single-top analysis. No cuts are applied to the top quark, since it further decays before
building a jet. In the MadEvent event listing, the top quark is not included, so one has to
build its fourvector out of the decay products at parton level, namely the W boson and
the 1%-b quark. The MadEvent s- and t¢-channel top quark distributions are normalized
to the total ZTOP cross section of 0.870 pb or 1.985 pb, respectively. These normaliza-
tions yield the scales that are used for the normalization of all following s- and t-channel
distributions. That means that the jet distributions are also normalized to the inclusive
cross section. There is no additional normalization of these distributions.

For all but the top quark distributions, one has to compare ppr-ordered jets, in t-channel
with the additional distinction between jets with or without b quark content. The potential
150 quark jet from the top decay is not considered in the remainder of this thesis,
since ZTOP does not cover this decay. We therefore will assume that the 1¥-b quark
is well modeled in MadEvent. The differences between the integral of the pr and Q; - n
distributions are due to overflow entries beyond the histogram boundaries.

5.1 s-channel Sample

In Figure 8 the top quark py and @Q); - n distributions of MadEvent and ZTOP are shown.
The MadEvent top quark pr is slightly harder than the ZTOP spectrum, in @); - n the
distributions match perfectly.
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Figure 8: s-channel top quark transverse momentum pr (a) and lepton charge
times top quark pseudorapidity @Q; - n (b).



The ZTOP software calculates, that at least one jet (apart from the 15°-b quark jet) should
be visible within the detectors acceptance in about 92.8% of all s-channel events. In the
majority of events (84.3%) this pp-leading jet is a 2"4-b quark jet, which is in MadEvent
represented by a 27%-b quark at parton level. Only in 8.5% ZTOP expects a light quark
jet, which in the s-channel comes from initial or final state gluon radiation. Since the s-
channel MadEvent sample is LO and does not include matrix elements of gluon radiations,
this is modeled by the PYTHIA showering and does therefore not appear at parton level.
To take this into account we have to leave the simple parton model which serves well for
the 2"%-ph quark jets and investigate the events at hadron level after the showering. To do
that one has to apply a jet clustering to the stable particles to include these contributions.
The parameters of the kr cluster algorithm, used for this purpose, were set to a cone size
of 0.54 (equal to the ZTOP cone size) and to a minimum jet energy of 15 GeV, adjusted
to the selection cut used on data. Since the clustering was done with all stable particles
constructed by PYTHIA except for the lepton and the neutrino from the top decay, the
15-b quark from the top decay cannot be excluded and will contribute to the number of
jets found by the cluster algorithm.

Due to the QCD color conservation implemented in the PYTHIA hadronization process,
one cannot unambiguously trace back the jets to the original quarks, so another method
to assign the jets to the partons is needed: at least 3 jets per event after the acceptance
cuts were required, one for the 1%-b quark, the 2"%-b quark and the light quark jet. With
the jets ordered in transverse momentum, we assume that the probability for the gluon
radiated light jet to end up in neither the first nor the second jet is high, since both b
quarks are rather hard (Figure 9 (a)). To get the light quark jet, one has to study the
third ordered jet. The distinction, whether or not a jet is a light quark jet, was done
by a cut of the ratio of the jet energy coming from B hadrons, thus from b quarks. We
consider jets to be light if less than 30% of the jet energy is from particles coming from
B hadrons, see Figure 9 (b).
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Figure 9: s-channel: pr of 15%-b quark versus pr of 2"%-b quark (a) with the
line at equal values, ratio of jet energy of clustered particles coming from B
hadrons shown for all third ordered jets with any B hadron content (b).
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The MadEvent pr-leading jet (j1) distributions, containing 27¢-b quark jets and a small
fraction of clustered light jets, are in good agreement with the ZTOP predictions, as seen
in Figure 10. There are no differences in the rates, the MadEvent pr spectrum is slightly
too hard. The mean value of pr is about 3% higher for MadEvent than for ZTOP.
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Figure 10: s-channel leading jet (j1) pr (a) and Q; - n (b). The 15-b quark
from the top decay is excluded from the jet ordering.

The pr-ordered 2"%-leading jet (j2), appearing in about 23.4% of all events according to
ZTOP, is dominated by gluon radiated light jets, in contrast to the leading jets. Only
in about 5.4% a 2"-b quark jet is the 2"¥-leading jet. Because of this the MadEvent
pr and @; - n distributions in Figure 11 do not match properly with the ones of ZTOP.
The jet clustering of the stable particles does not result in a steeply falling pr spectrum
as predicted by ZTOP. Also in @; - n MadEvent differs from the theoretical calculations,
solely the rates of the 2"%-leading jets comply. Table 1 summarizes the relevant s-channel
cross sections and fractions.
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Figure 11: s-channel 2"-leading jet (j2) pr (a) and Q; -7 (b). The 1%'-b quark
from the top decay is excluded from the jet ordering.
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jet type 7ZTOP MadEvent

cross section [pb] | cross section [pb]

and fraction and fraction

top quark (total cross section) 0.870 0.870
100% | N=296487 100%

leading b quark jet 0.733 0.799
(b1) 84.3% 91.9%

leading light quark jet 0.074 0.008
(q1) 8.5% 0.9%

leading jet seen 0.807 0.807

(j1 =bl 4+ q1) 92.8% 92.8%

2" Jeading b quark jet 0.047 0.005
(b2) 5.4% 0.6%
2"_leading light jet 0.156 0.195
(q2) 18.0% 22.4%
2"_Jeading jet seen 0.204 0.200
(j2 = b2 + q2) 23.4% 23.0%

Table 1: Summary of all relevant s-channel cross sections and resultant frac-
tions (defined as ratio of the cross sections, with 0.870 pb as denominator).
The MadEvent s-channel sample contains a total of 296487 events. The 15%-b

quark from the top decay is excluded from the jet ordering.

5.2 t-channel Sample

Figure 12 shows the comparison of top quark pr and );-n distributions between MadEvent
and ZTOP. The t-channel MadEvent top quark distributions are in good agreement with
the ZTOP output. The deviation in the mean of the transverse momentum is minor, the
MadEvent @); - 7 mean value is slightly lower than the one from ZTOP.
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Figure 12: ¢-channel top quark transverse momentum pr (a) and lepton charge
times top quark pseudorapidity @, - n (b).

12



In the case of pr-leading jets, MadEvent ¢-channel jets are represented by the correspond-
ing quarks at parton level. The relevant cross sections and event fractions are summarized
in Table 2. As computed by ZTOP, there should be at least one jet in 81.0% of all events
within the detector acceptance cuts. When the 274-b quark jet is the py-leading jet (b1),
which is the case in 10.5% of all events according to ZTOP, MadEvent underestimates
this rate by a factor of about 0.90, as shown in Figure 13. The falling py spectrum and
the central @); - n distribution are reasonably well simulated by MadEvent.

> - Mean  46.41 b= 0'01__ Mean  -0.1255
8 - — MadEvent nteoral 0875 % |- —MadEvent toaral 04876
o 0.006|— ntegral 0. g - ntegrel 0.
%_ L Mean 5229 '_'AO'OO8__ Mean -0.08159
= | —ZTOP Integral 0.2072 o < - —ZToP Integral 0.2081
o] - Bl O —
©l50.004(— 0006
u 0.004/—
0.002|— r
o 0.002—
oL Ll il — o) P - Ll
0 50 100 150 200 -6 -4 - 4 6
P [GeV] Q* Ny

Figure 13: pr (a) and @; - n (b) of the t-channel leading b quark jet (b1). The
1%¢-b quark from the top decay is excluded from the jet ordering.

In the majority of events (70.5% according to ZTOP) the pp-leading jet will be a light
quark jet (ql). In Figure 14 one can see that MadEvent reproduces the corresponding
distributions very well, the deviations in the mean of pr as well as of (); - ) are negligible,
only the corresponding rate is slightly overestimated by a factor about 1.02.
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Figure 14: pr (a) and @Q; - n (b) of the t-channel leading light quark jet (ql).
The 1%%-b quark from the top decay is excluded from the jet ordering.

13



In 27.1% of all events a second jet (not considering the jet from the top decay as discussed
earlier) should be visible within the detector’s acceptance. If this pp-2"?-leading jet is a b
quark jet (b2), which implies that in the same event the light quark jet is the pr-leading
jet, one obtains the following distributions of Figure 15. Both the falling pr-spectrum
and the slightly asymmetric shape of Q); - 7 are well modeled by MadEvent, only the rate,
i.e. the cross section, is slightly too high by a factor of about 1.09.
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p?z [GeV] Q,* Ny,
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Figure 15: pr (a) and @Q; - 1 (b) of the t-channel 2"¥-leading b quark jet (b2).
The 1%%-b quark from the top decay is excluded from the jet ordering.

If the pr-2"d-leading jet is a light quark jet (q2), the MadEvent jet picture represented
by the parton level light quark does not agree with the ZTOP predictions. In Figure 16
one can observe a big discrepancy in the rate, which is too low by a factor of about 0.29,
as well as in the @Q); - n shape, which is too far forward.
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Figure 16: pr (a) and @Q; -1 (b) of the t-channel 2"¢-leading light quark jet
(q2). The 1°*-b quark from the top decay is excluded from the jet ordering.
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The reason for the bad agreement could be that the matched MadEvent sample does
not include all relevant 2—3 NLO matrix elements. We assume that initial state gluon
splitting (Figure 2 (b)) as well as initial and final state gluon radiations (Figure 2 (c))
may have major contributions to light quark jets, especially to softer ones as considered
in the pp-2"d-leading jets. The contributions to b quark jets should be significantly lower
due to the small probability of gluons splitting in bb quark pairs.

The same circumstance is discussed in Section 5.1, where the s-channel light jets are pro-
duced via gluon radiations. Again, a jet clustering of stable particles will be necessary to
collect the contributions generated by the PYTHIA showering. In the t-channel case, a
different method to assign the jets to the partons is needed: at least 3 jets per event after
the acceptance cuts were required, one for the pr-leading, 2"-leading and for the 1%-b
quark jet respectively. With the jets ordered in transverse momentum, the probability
for the 1%%-b quark parton to end up in the third jet can be assumed to be low, since the
1%:-b quark parton is mostly higher in py than both the light quark parton and the 2"-b
quark parton as shown in Figure 17 (a).
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Entries

15000

2nd b
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h — PRI TR
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Ratio of b energy per jet

(b)

o

Figure 17: t-channel: pp of 15-b quark versus pr of 2"4-b quark (a) with the
line at equal values, ratio of jet energy of clustered particles coming from B
hadrons shown for all third ordered jets with any B hadron content (b).

To get the 2"-leading light quark jet, one has to study the third ordered jet, when there
is no 2"%leading b quark parton in the event. The same distinction as in Section 5.1,
whether or not a jet is a light quark jet, was used. In Figure 17 (b) the corresponding
ratio for all jets with any b content is shown. The peak at very small values of the ratio
is due to single particles coming from B hadrons, which are clustered into original light
quark jets. If the majority of the clustered particles originates from B hadrons, the ratio
of b energy per jet accumulates at high values. As already mentioned in Section 5.1, we
consider jets to be light if less than 30% of the jet energy is from particles coming from
B hadrons.

15



With these jet definitions, the distributions change heavily and a more reasonably agree-
ment of the rates is reached as shown in Figure 18. The steeply falling pr spectrum is
not well modeled and the @); - n distribution has only poor agreement with the ZTOP
predictions, since it is far too central. The rate is too high by about a factor of 1.15,
but given the fact, that the matching procedure was performed with only two of the four
relevant matrix elements, differences in these distributions are to be expected.
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Figure 18: pr (a) and Q; - n (b) of the clustered 2"¢-leading light jet (q2) in
the t-channel. The 1%-b quark from the top decay is excluded from the jet
ordering.

Modeling the distributions of the 27%-b quark is the main reason for the MadEvent ¢-
channel matching, performed in Section 4.3. This was done by adjusting the rate of the
27_p quark jet to the NLO prediction. The corresponding pr and Q; - n distributions are
shown in Figure 19. They are built by the sum of the leading b quark jet (b1) and 2"-
leading b quark jet (b2) distribution. One can certainly state that the matching procedure
of the t-channel MadEvent samples works very well.

0.03

% __ Mean 33.23 : - Mean -0.1987
0] — MadEvent =4 0.015— — MadEvent
= - Integral 0.4053 -g . [ Integral 0.4185
) I~ Mean  36.29 - - Mean -0.1727
a | —
- - 0.02— —zTop Integral 0.3974 ol .: : —ZToP Integral 0.4187
Of o L e I
o2 B < 0 01_
0.0~ 0.005{—
oL P R PR o ol L Ll
0 25 50 75 100 -6 -4 - 4 6
P’ [GeV] Q) * Nango
(a) (b)

Figure 19: pr (a) and @Q; - n (b) of the matched t-channel 2"%b jet
(274 b=b14b2).
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jet type 7ZTOP MadEvent

cross section [pb] | cross section [pb]

and fraction and fraction

top quark (total cross section) 1.985 1.985
100% | N=291738 100%

leading b quark jet 0.208 0.188
(b1) 10.5% 9.5%

leading light quark jet 1.399 1.432
(ql) 70.5% 72.2%

leading jet seen 1.607 1.620

(j1 =bl 4+ q1) 81.0% 81.6%

2" Jeading b quark jet 0.211 0.231
(b2) 10.6% 11.6%

2" leading light jet 0.327 0.375
(q2) 16.5% 18.9%

2" leading jet seen 0.538 0.606
(2 =02 + q2) 27.1% 30.5%
2"} quark jet 0.419 0.419
(27-b = bl + b2) 21.1% 21.1%

Table 2: Summary of all relevant ¢-channel cross sections and resultant frac-
tions (defined as ratio of the cross sections, with 1.985 pb as denominator).
The 1%%-b quark from the top decay is excluded from the jet ordering.

6 Estimate of systematic Error on the MC Model

The underlying concept of estimating the systematic uncertainty is to use the deviations
between the ZTOP and the MadEvent variables. By building a ratio-function of ZTOP
over MadEvent bin by bin for each variable, one can see in which region MadEvent
under- and overestimates the signal. Each event passing the single-top selection cuts
gets a scale corresponding to the ratio of its bin. The sum of all scales approximates
the corrected acceptance. Half of the arising difference between the corrected and the
original acceptance is taken as symmetric systematic uncertainty. Since one has several
variables and therefore several ratio-functions per event, an appropriate procedure has
to be found to compute an overall scale per event. The applied proceeding is similar to
the least-squares-method of weighted average. At this level the correlations between the
ratio-functions r;(bin) = ZT O P;(bin)/MadEvent;(bin) are taken into account. The index
i stands for one of the IV,,, used variables. A covariance-matrix V;; of all produced ratio-
functions r;(bin) is constructed by running over all N,, events of the full MadEvent sample
of s- or t-channel, respectively. For each event n the ratios r;(bin;,) of the considered
variables ¢ are calculated by taking the content of bin,,, the event n is located in:

Sij — Si+ Sj/New . o
Vi; = - with S; = nz::l(r,-(bmm) -1) (1)
NC'U
and Sij = Z (m(bmm) — ].) . (r](bmjn) — 1) for Z,] = ]_, 2, ~-~Nvar-
n=1
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The weight-matrix M;; is obtained by inverting the covariance-matrix: M;; = V;j_l

For each event m of all NV,,. events passing the preselection, a weighted scale s,, is calcu-
lated as follows:

N'Ua”‘ N’Ua"‘ N'Ua”‘
Sy, = Z w; - 1i(bingy, ), where the weight is given by w; = Z M;;/ Z My (2)
i1 j=1 k=1

pre

One obtains the corrected acceptance A by summing up all weighted scales: A = > s,

Since the single-top analysis investigates both the 2- and 3-jet-bin, this method 11: dlone
for the 2-, 3- and 24-3-jet-bin separately. To take into account the statistical fluctuations,
several actions are implemented by creating the ratio-functions. They are exemplarily
shown in Figure 20: A smoothing of the original (a) t-channel pr distribution of the
leading b jet is conducted (b). To get the long tails of the pr distributions under control,
overflow bins are established in the ratio-functions for pr higher than 75 GeV or 150
GeV, respectively (c¢). Under- and overflow bins are also used in the low statistic regions
|n| > 4.0 of the top quark @ - n distributions. In the case of big unphysical oscillations
in the ratio-functions, the affected region is approximated by a fit of a polynomial of low
order (d).
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Figure 20: Intermediate steps by building the ratio-functions: the original (a)
distributions are smoothed (b). Under- and overflow bins are established in the
low statistic regions, here pr > 150 GeV, of the ratio-functions (¢). Appearing
unphysical oscillations are approximated by a fit (d).
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6.1 s-channel Estimate

N,qr = 6 variables, validated in Section 5.1, are used to estimate the s-channel systematic
uncertainty: pr and @ -1 of the top quark, of the pr-ordered leading jet (j1) and of the

2"d_leading jet (j2). Their ratio-functions are shown in Figure 21.
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Figure 21: Ratio-functions of the s-channel top quark ((a) and (b)), leading
jet j1 ((c) and (d)) and 2"¥-leading jet j2 ((e) and (f)).
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One has to distinguish between three kinds of events at generator level: Those with no jets
within the detectors acceptance (labeled: t), those with one jet (tj1) and those with two
jets visible (tj1j2). The top quark variables are always included. For each of these cases
a separate weight-matrix of the ratio-functions has to be computed. The corresponding
correlation-matrices are shown in Figure 22.

Correlation-Matrix , Correlation-Matrix‘j1 Correlation-Matrix

titj2

pr Mo pi N pi2 Np

(c)

Figure 22: s-channel correlation-matrices of the ratio-functions, separate for
the subsamples t (a), tj1 (b) and tj1j2 (c).

Depending on the kind of event passing the preselection, the corresponding weight-matrix
is used to calculate the weighted scale s,,. As an example, all scales of the preselected
events of the 2+3-jet-bin are plotted in Figure 23. Table 3 specifies the corrected accep-
tance and its estimated uncertainty for each jet-bin.
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Figure 23: Scales of the s-channel events passing the 243-jet-bin preselection,
the deviation of the mean from 1.0 is only about 0.4%.

2-Jet-Bin | 3-Jet-Bin | 2+3-Jet-Bin
original acceptance 20895.0 4442.0 25337.0
corrected acceptance 20825.7 4419.4 25245.0
correction —0.33% —0.51% —0.36%
estimated uncertainty +0.2% +0.3% +0.2%

Table 3: s-channel: the estimated uncertainty is half the absolute value of the
difference between original and corrected acceptance. The original acceptance
is given as the number of MC events passing the single-top selection.
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6.2

For the t-channel, all N,,. = 10 variables validated in Chapter 5.2 are considered. In
contrast to the s-channel, it is distinguished whether or not a jet has a b quark content
to treat the matched 2"%-b quarks separately. The ratio-functions of pr and Q; - 1 of the
top quark, of the leading b jet bl, of the leading light jet ql, of the 2"-leading b jet b2

t-channel Estimate

and of the 2"%leading light jet q2 are shown in Figure 24 and 25.
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Figure 24: Ratio-functions of the ¢-channel top quark t ((a) and (b)), leading
b jet bl ((c) and (d)) and leading light jet ql1 ((e) and (f)).
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Figure 25: Ratio-functions of the t-channel 2"%-leading b jet b2 ((a) and (b))
and 2" leading light jet q2 ((c) and (d)).

Due to the flavor discrimination used in the ¢-channel, one has to deal with 6 different
kinds of events: only top (labeled t), top plus b jet (tb1), top plus light jet (tql), top plus
leading b jet plus 2"¢-leading light jet (tb1q2), top plus leading light jet plus 2"¢-leading b
jet (tq1b2) and top plus leading light jet plus 2"-leading light jet (tqlq2). As discussed
for the s-channel, separate weight-matrices are used for each case. The corresponding
correlation-matrices are shown in Figure 26 and 27.

Correlation-Matrix Correlation-Matrix Correlation-Matrix a1

Figure 26: t-channel correlation-matrices: t (a), thl (b) and tql (c).
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Figure 27: t-channel correlation-matrices: tblq2 (a), tqlb2 (b) and tqlq2 (c).

In Figure 28 (a) the scales of the events passing the 2+3-jet-bin selection are shown. The
distribution peaks at about 0.98, a smaller accumulation is located around 1.03. Figure
28 (b) and (c) show the frequency of the different kinds of events with a scale smaller and
higher than about 1.01. It is clearly visible, that the scale is higher, when a leading b jet
is found in the event. This arises from the high values in the ratio-functions (Figure 24
(c) and (d)). Table 4 lists the corrected acceptance and its estimated uncertainty for each
jet-bin.
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Figure 28: Scales of events passing the 2+43-jet-bin preselection (a), lower
scales are dominated by leading light jets q1 (b), higher scales are dominated
by leading b jets bl (c).
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2-Jet-Bin | 3-Jet-Bin | 2+3-Jet-Bin
original acceptance 13204.0 3230.0 16434.0
corrected acceptance 12971.6 3153.4 16128.9
correction —1.76% —2.37% —1.86%
estimated uncertainty +0.9% +1.2% +0.9%

Table 4: Summary of the t-channel results. The estimated uncertainty is half
the absolute value of the difference between original and corrected acceptance.
The original acceptance is given as the number of MC events passing the
single-top selection.

7 Conclusion and Outlook

In this note, the t-channel matching procedure of two single-top signal Monte Carlo sam-
ples is optimized. The s- and matched t-channel samples, generated by MadEvent, are
validated by comparing to ZTOP next-to-leading-order calculations. We find good agree-
ment for all kinematic distributions we investigate, except for softer light quark jets due
to gluon radiation. Since this has only minor impact on the s-channel, the corresponding
MadEvent sample performs its task as expected. For the t-channel, we can conclude that
the applied matching procedure leads to a MadEvent sample that successfully describes
the kinematic distributions and rates of the 2"%-b quark. However, small differences re-
main. The discrepancy in the pr-ordered 2"%-leading light jets is mainly due to the absence
of initial state gluon splitting and initial and final state gluon radiation matrix elements
in the MadEvent sample production. The subsequent PYTHIA showering of the partons
is apparently inappropriate for modeling those contributions and not intended for this
purpose.

The proper way would be to produce all relevant NLO matrix elements and match them
as proposed in reference [11]. At present, an NLO-MC-generator for single-top is in prepa-
ration [25]. Probably it will be available for future iterations of single-top analyses and
will redundantize further matching procedures.

We estimate the systematic uncertainty on the single-top acceptance due to the Monte
Carlo modeling and find an uncertainty of about 1% on the t-channel acceptance. We
obtain a negligible uncertainty well below 1% on the s-channel acceptance. These accep-
tance uncertainties are very well acceptable for the single-top analyses that are currently
under way.

24



References

[1] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 74, 2626 (1995).

[2] DO Collaboration, S. Abachi et al., Phys. Rev. Lett. 74, 2632 (1995).

[3] CDF Collaboration, D. Acosta et al., Phys. Rev. D 65, 091102 (2002).

[4] CDF Collaboration, D. Acosta et al., Phys. Rev. D 69, 052003 (2004).

[5] DO Collaboration, V. M. Abazov et al., Phys. Rev. Lett. B 517, 282 (2001).

[6] DO Collaboration, B. Abbott et al., Phys. Rev. D 63, 031101 (2001).

[7] CDF Collaboration, D. Acosta et al., Phys. Rev. D 71, 012005 (2005).

[8] DO Collaboration, V. M. Abazov et al., Phys. Rev. Lett. B 622, 265 (2005).

[9] W. Wagner, Rep. Prog. Phys. 68, 2409 (2005).

[10] B.
11] Z.
12] T.
[13] T.
14] E.
15] T.
[16] F.
17] C.
18] T.
[19] V.
20] G.
21] Y.
22] D.
23] G.
24] A.

W. Harris et al., Phys. Rev. D 66, 054024 (2002).

Sullivan, Phys. Rev. D 70, 114012 (2004).

M. P. Tait, Phys. Rev. D 61, 034001 (2000).

Sjostrand et al., Comp. Phys. Commun. 135, 238 (2001).

E. Boos, L. V. Dudko and V. L. Savrin, CMS Note 2000/065 (2000).
Stelzer and W. F. Long, Comp. Phys. Commun. 81, 357 (1994).
Maltoni and T. Stelzer, hep-ph/0208156 (2002).

Ciobanu et al., CDF Note 7020 (2004).

Stelzer, Z. Sullivan and S. Willenbrock, Phys. Rev. D 56, 5919 (1997).
N. Gribov and L. N. Lipatov, Yad. Fiz. 15, 781 (1972).

Altarelli and G. Parisi, Nucl. Phys. B 126, 298 (1977).

L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977).

O. Carlson and C. P. Yuan, Phys. Lett. B 306, 386 (1993).

Mahlon and S. Parke, Phys. Rev. D 55, 7249 (1997).

P. Heinson, A. S. Belyaev and E. E. Boos, Phys. Rev. D 56, 3114 (1997).

[25] S. Frixione et al., hep-ph/0512250 (2005).

25



