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FIG. 1: Main tree-level Feynman diagrams for (a) s-channel single top quark production, (b) t-channel production, and (c) tW
production. This analysis only searches for the s-channel tb and t-channel tqb processes.

output distributions and combine the results from all
channels that improve the expected sensitivity. We then
calculate the probability that our data set contains only
background, use the excess of data over background in
each bin to measure the signal cross section, and calculate
the probability that the data contains both background
and signal produced with at least the measured cross
section value.

TABLE I: Percentage of total selected MC single top quark
events for each jet multiplicity and number of b-tagged
jets, and the associated signal-to-background ratios, for the
electron and muon channels combined.

1 jet 2 jets 3 jets 4 jets ≥ 5 jets

s-channel tb

0 b tags 8% 19% 9% 3% 1%

1:11,000 1:1,600 1:1,200 1:1,100 1:1,000

1 b tag 6% 24% 12% 3% 1%

1:270 1:55 1:73 1:130 1:200

2 b tags — 9% 4% 1% 0%

— 1:12 1:27 1:92 1:110

t-channel tqb

0 b tags 10% 27% 13% 4% 1%

1:4,400 1:520 1:400 1:360 1:300

1 b tag 6% 20% 11% 4% 1%

1:150 1:32 1:37 1:58 1:72

2 b tags — 1% 2% 1% 0%

— 1:100 1:36 1:65 1:70

For each potential analysis channel, the relevant details
are how much of the signal acceptance is in that channel,
and what is the signal-to-background ratio. Table I shows
the percentage of the total signal acceptance for each
jet multiplicity and number of b-tagged jets, and the
signal:background ratios that go with them. We used this
information to determine that the channels most worth-
while to analyze have two, three, or four jets, and one
or two b tags. In the future it could be beneficial to

extend the analysis the include events with only one jet,
b tagged, since the signal-to-background ratio is not bad,
and to study the untagged events with two or three jets
where there is significant signal acceptance.

D. Differences from Previous Searches

We have made several improvements to the analysis
since the previously published result [16, 17], which are
summarized here. The most important difference is that
we have analyzed a dataset four times as large. Other
changes include: (i) use of an improved model for the
t-channel tqb signal from the package SingleTop [23],
based on CompHEP [29], which better reproduces
NLO-like parton kinematics; (ii) use of an improved
model for the tt̄ and W+jets backgrounds from the
alpgen package [34] that has parton-jet matching imple-
mented with pythia to avoid duplicate generation of
some initial-state and final-state jet kinematics; (iii)
measurement from data of the ratio of W boson plus
bb̄ or cc̄ jets to the total rate of W+jets production;
(iv) small differences in electron, muon, and jet identi-
fication requirements and minimum pT ’s; (v) use of a
significantly higher efficiency b-tagging algorithm based
on a neural network; (vi) splitting the analysis by jet
and b tag multiplicity so as not to dilute the strength
of high-acceptance, good signal-to-background channels
by mixing them with poorer ones; (vii) simplifying
the treatment of the smallest sources of systematic
uncertainty (since the analysis precision is statistics
dominated); (viii) omitting the separate calculation of
the diboson backgrounds WW and WZ since they are
insignificant; and (ix) optimizing the search to find the
combined single top quark production from both s- and
t-channel, tb+tqb.

II. THE D0 DETECTOR

The D0 detector [? ] is a multi-purpose apparatus
designed to study pp̄collisions at high energies. It consists
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FIG. 1: Main tree-level Feynman diagrams for (a) s-channel single top quark production, (b) t-channel production, and (c) tW
production. This analysis only searches for the s-channel tb and t-channel tqb processes.
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σ (pp̄→ tb + tqb + X)
= 4.8± 1.3 pb
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t-channel

s-channel

σtqb = 1.98± 0.23 pb

σtb = 0.88± 0.07 pb

DØ Results with 0.9 fb-1

NLO cross sections at mt = 175 GeV, 
Phys. Rev. D 70 114012 (2004)

Methodology s+t-channel observed p-value

BNN (orig.) σ= 5.0 ± 1.9 pb 0.89% (2.4σ)

ME (orig.) σ= 4.6+1.8-1.5 pb 0.21% (2.9σ)

DT σ= 4.9 ± 1.4 pb 0.04% (3.4σ)

V. M. Abazov et al., Phys. 
Rev. Lett. 98, 181802 (2007).
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FIG. 2: Distributions of the measured cross sections from the different analyses, using the

background-only ensembles. The arrow shows the combined cross section measurement (4.8 pb)

using real data.

Analysis Measured cross section [pb] p-value Significance

Decision trees (DT) 4.950 0.000399 3.4

Matrix element (ME) 4.599 0.002013 2.9

Bayesian neural networks (BNN) 4.980 0.011566 2.3

Combined 4.800 0.000272 3.5

TABLE II: The measured cross sections, p-values and significances for the individual and the

combined analyses, the latter two obtained using the background-only ensembles.

• remove ambiguity about which ensemble type (using the SM value for the signal cross

section, or a different one) should be used for determining the weights.

[1] In principle, using ensembles of pseudo-datasets, one could study different protocols for picking

a single result a posteriori, such as picking, each time, the most precise one. However, this

“Maxwell demon” approach was considered too radical when it was tried in Run I. One presumes

it would be still considered radical now.

[2] See for example, B. A. Turlach, Bandwidth Selection in Kernel Density Estimation: A Review,

7

Combination using BLUE Method:

3.5σ 
significance



• Assume a particular process (e.g. t-channel single top, W+jets). 

➡ The probability density to observe a particular configuration of jets and 
leptons (x) given that process:

• Can use Bayes’s Theorem to invert the relation:

• We use the related discriminant:
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2. SEPARATION OF SIGNAL FROM BACKGROUND USING

MATRIX ELEMENTS

2.1. Method Overview

The matrix element (ME) method uses the matrix elements of a process to calculate the
probability to observe a particular event assuming that it is the given process. The key
equation is:

P (x|processi) =
1

σi

dσi

dx
(2)

where x is the configuration of an event, and P (x|processi) is the probability to observe
x given that the physics process is processi. More concretely, x is the set of four-vectors,
and possibly other information, of the event. For each event, we can calculate P (x|signal),
which uses the matrix elements of the signal processes, and P (x|background), which uses
the matrix elements of the background processes. Bayes’ Theorem then allows us to invert
the relation:

P (signal|x) =
P (x|signal)P (signal)

P (x|signal)P (signal) + P (x|background)P (background)
(3)

Thus, we get what we need: the probability that we have the signal given its configuration.
Actually, we use a related equation:

D(x) =
P (x|signal)

P (x|signal) + P (x|background)
(4)

which contains the same information. As is explained in Ref. [1], this contains the ratio used
for the Neyman-Pearson test, so it is the most powerful test of a hypothesis.

2.2. Calculation of the Event Probability Density Functions

To be more specific, the event configuration, x, we have been discussing above refers to the
reconstructed event configuration; however, the matrix element, |M|2, depends on the parton
configuration of the event, which we will label y. The differential cross section, dσ/dx, can
be related to dσ/dy by integrating over all the parton values, using the parton distribution
functions to relate the incoming partons to the proton and antiproton, and using a transfer
function to relate the outgoing partons to the reconstructed objects. This is given in Eq. 5,
which is the same as the corresponding equation in Ref. [1] with slightly modified notation.

dσ

dx
=

∑

j

∫

dy

[

f1,j(q1, Q
2) f2,j(q2, Q

2)
dσhs,j

dy
Wj(x, y) Θparton(y)

]

(5)

where

•
∑

j is a sum of different configurations that contribute to the differential cross section:
it is the discrete analogue to dy. Specifically, it includes summing over the initial parton
flavors in the hard scatter collision and the different permutations of assigning jets to
partons. With regards to the initial parton flavors, for example an s-channel collision
can occur via ud̄, d̄u, cs̄, and s̄c annihilation, where the first element of the pair is
associated with the proton and the second with the antiproton. We take the CKM
matrix to be diagonal when choosing what pairs to sum.
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The Differential Cross Section 

• The event configuration x is the reconstruction-level event configuration, but 
the MEs are defined at the parton-level.

• Need to integrate / sum over the parton-level values (y, j) to relate them to the 
reconstruction-level values (x). The parts are:

• The parton-level cross section, containing the MadGraph ME: dσ/dy.

• The transfer function to relate the parton-level information of the final state 
particles to the reconstructed objects: W

• The PDFs to relate the incoming protons to the initial state partons: f1,j, f2,j

• Parton-level cuts, if necessary: Θ
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The Matrix Elements

Two Jets Three Jets

Name Process Name Process

tb ud̄ → tb̄ (1) tbg ud̄ → tb̄g (5)

tq ub → td (1) tqg ub → tdg (5)

d̄b → tū (1) d̄b → tūg (5)

tqb ug → tdb̄ (4)

d̄g → tūb̄ (4)

Wbb ud̄ → Wbb̄ (2) Wbbg ud̄ → Wbb̄g (12)

Wcg s̄g → Wc̄g (8) Wcgg s̄g → Wc̄gg (54)

Wgg ud̄ → Wgg (8) Wggg ud̄ → Wggg (54)

lepjets qq̄ → tt̄ → !+νbūdb̄ (3)

gg → tt̄ → !+νbūdb̄ (3)

TABLE I: The Matrix Elements used in the analysis are given. The number in parenthesis
specifies the number of Feynman diagrams included in the process. For simplicity, only
the processes that contain a positively-charged lepton in the final state are shown. The
charge conjugated processes are also used.

usual case, the probably assigned to losing a jet is the probability that the jet is reconstructed to have pT < 15 GeV ,
which can be calculated from the transfer functions. Other special cases considered are when the two light quarks
overlap, in which case they are assumed to merge, or if the η is outside our acceptance.

D. Assignment Permutations

As mentioned before, Eq. 7 incorporates the (discrete) summation over different configurations, which includes the
summation over the different ways to assign the partons to the jets. A weight for each permutation is included as the
Wperm part of the transfer function. This analysis uses two pieces of information to determine the weight, namely
b-tagging and muon charge:

Wperm = WbtagWµcharge. (9)

The b-tagging weight is assumed to factor by jet:

Wbtag =
∏

i

wbtag(tagi |αi, pTi, ηi) (10)

where αi is the flavor of quark i and tagi is true or false depending on whether the jet is tagged or not. The weights
assigned to cases with and without a b-tag are:

wbtag(tag = true |α, pT, η) = P taggable(pT, η)εα(pT, η) (11)

wbtag(tag = false |α, pT, η) = 1 − P taggable(pT, η)εα(pT, η) (12)

where εα is the tag-rate function for the particular quark flavor and P taggable is the taggability-rate function, which
is the probability that a jet is taggable.

For the s-channel matrix element and for the lepjets matrix element, there is both a b-quark and a b̄-quark in the
final state. Furthermore the matrix element is not symmetric with respect to the interchange of the b and b̄ quarks,
so it would be useful to be able to distinguish between b-jets and b̄-jets to make the correct assignment. In the case of
muonic decays of the b or b̄ quark, it is possible to distinguish between the jets by the charge of the decay muon. One
complication is that a charm quark may also decay muonically, and the charge of the muon differs between b → cµ−ν
and b → cXX̄ ′ → sµ+ν̄XX̄ ′. However, because pTrel

, the muon pT relative to the jet axis, differs in the two case, the
charge of the muon still provides information, and Wµcharge is calculated in a manner similar to Wbtag.
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• Also use charge conjugate processes

• Use the same MEs for muon channel, and for different input pairs (ud ̄, cs ̄, etc.)

• The main change from the PRL version: extra MEs for 3-jet events (shaded).
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• In the 3-jet bin, tt ̄ →ℓ+jets is 22% of the background 
for single-tag e+jets, and 17% for single-tag μ+jets.

• tt ̄ →ℓ+jets decays into ℓνb quark from one top quark, 
qq’b from the other

➡ 1:1 quark-jet matching: 4-jet bin. For the 3-jet bin, 
we need to lose a jet.

• looking at our tt ̄ → e+jets MC sample, jets are lost 
without merging 80% of the time, and light quark jets 
are lost without merging at 1.7 × the rate of the b-jets.

• As a simplification: 

➡ assume light quark is lost.

➡ In usual case, use transfer function to predict 
probability to have jet energy below 15 GeV.

pT of unmatched 
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quarks

b quarks
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Permutation Weights: B-Tagging and Muon Charge

• We use b-tagging to weigh the different jet-parton assignments differently:

• For example, for the t-channel process, bu → e+νbd, in the single-tag two-jet 
bin:

• If a b-quark decays muonically we can use the muon charge:

• direct: b→μ-ν̄c b̄→μ+νc ̄

• but also:   b→x ̄̄c→xx ̄̄μ+ν̄s  b̄→xx ̄c ̄→xx ̄μ-νs ̄

• Use pTrel, or the pT of the muon relative to the jet. 
• Muons from c-quarks tend to have a lower pTrel.

7

Prob. for direct decay
P

ro
b

.

Wbtag(perm) =
∏

jets i

wbtag(tagi | flavori, pTi, ηi)

Wbtag(a) = wbtag(tagged|b, pTb, ηb) wbtag(untagged|d, pTd, ηd)

Wbtag(b) = wbtag(tagged|d, pTd, ηd) wbtag(untagged|b, pTb, ηb)
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The Selection: Unchanged from PRL

8

• The same 0.9 fb-1 data set as for the PRL.

• Good data quality

• Good primary vertex

• lepton+jets triggered data

• Leptons:  “tight” electron with pT > 15 GeV, |η| < 1.1, 
  or “tight” muon with pT > 18 GeV, |η| < 2.0.

• Veto on second charged lepton

• Jets:	 leading pT > 25 GeV, second jet pT > 20 GeV, others pT > 15 GeV.
  leading |η| < 2.5, |η| < 3.4 for subsequent jets.

• 15 GeV < ET < 200 GeV

• “Triangle” cuts: don’t take events that have the missing ET aligned or anti-
aligned with the lepton or the leading jet
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The Analysis Channels

9

s-channel t-channel



UNCERTAINTIES FOR SINGLE-TAGGED ELECTRON ANALYSES

Single-Tagged One-Jet Electron Channel Percentage Errors

tb tqb tt̄lj tt̄ll Wbb Wcc Wjj Mis-ID e

Components for Normalization

Luminosity ( 6.1) ( 6.1) 6.1 6.1 — — — —

Cross section ( 16.0) ( 15.0) 18.0 18.0 — — — —

Branching fraction ( 1.0) ( 1.0) 1.0 1.0 — — — —

Matrix method — — — — 16.8 16.8 16.8 16.8

Primary vertex 2.4 2.4 2.4 2.4 — — — —

Electron ID 5.5 5.5 5.5 5.5 — — — —

Jet ID 1.5 1.5 1.5 1.5 — — — —

Jet fragmentation 5.0 5.0 7.0 5.0 — — — —

Trigger 3.0 3.0 3.0 3.0 — — — —

Components for Normalization and Shape

Jet energy scale 1.4 0.3 9.9 1.7 — — — —

Flavor-dependent TRFs 6.4 6.2 6.8 6.5 5.9 6.6 7.2 —

Statistics 0.8 0.8 1.3 0.6 0.9 0.9 0.4 6.4

Combined

Acceptance uncertainty 12.4 12.2 — — — — — —

Yield uncertainty 20.2 19.4 24.6 21.9 17.9 18.1 18.3 18.0

TABLE 28: Electron channel uncertainties, requiring exactly one tag and one jet.

Single-Tagged Two-Jets Electron Channel Percentage Errors

tb tqb tt̄lj tt̄ll Wbb Wcc Wjj Mis-ID e

Components for Normalization

Luminosity ( 6.1) ( 6.1) 6.1 6.1 — — — —

Cross section ( 16.0) ( 15.0) 18.0 18.0 — — — —

Branching fraction ( 1.0) ( 1.0) 1.0 1.0 — — — —

Matrix method — — — — 18.2 18.2 18.2 18.2

Primary vertex 2.4 2.4 2.4 2.4 — — — —

Electron ID 5.5 5.5 5.5 5.5 — — — —

Jet ID 1.5 1.5 1.5 1.5 — — — —

Jet fragmentation 5.0 5.0 7.0 5.0 — — — —

Trigger 3.0 3.0 3.0 3.0 — — — —

Components for Normalization and Shape

Jet energy scale 1.4 0.3 9.9 1.7 — — — —

Flavor-dependent TRFs 2.1 5.9 4.6 2.4 4.4 6.3 7.4 —

Statistics 0.7 0.7 1.3 0.8 0.9 0.9 0.4 5.6

Combined

Acceptance uncertainty 10.8 12.1 — — — — — —

Yield uncertainty 19.3 19.3 24.1 21.1 18.8 19.3 19.7 19.1

TABLE 29: Electron channel uncertainties, requiring exactly one tag and two jets.
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Systematics and Extracting a Result

10

• Build a 2-dimensional 
histogram: s-disc × t-disc

• Integrate over shifts to 
yields, acceptances, and 
luminosity (Gaussian priors) 
to simulate systematics

➡ Table on the right shows 
example uncertainties.   
(We are still statistics 
dominated.) 

• Extract a measurement 
using a Bayesian approach.
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Expected Results

11
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Entries  100478

Mean    0.819

RMS    0.9146

3139 entries above
cross section = 2.9 pb

p-value: 0.031

sigma:  1.9

Zero Signal with Systematics

• We get back the Standard Model value of the cross section when we set the 
“data” to the background + SM signal yield.

• Expected significance: 1.9σ.  There is a 3.1% chance for background only to 
result in a measurement of 2.9 pb or higher.

DØ Run II Preliminary

DØ Run II Preliminary
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Cross Check Plots

12
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Discriminant Results (2 Jets)
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Discriminant Results (3 Jets)
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Result
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VIII. SUMMARY AND CONCLUSIONS

We have used the matrix elements method to separate single top quark processes from background processes in
0.9 fb−1 of Run II data. Assuming a Standard Model cross section ratio of σs/σt = 0.44, we measure:

σ (pp̄ → tb + tqb + X) = 4.8+1.6
−1.4 pb

This result has a p-value of 0.08%, corresponding to a 3.2σ Gaussian equivalent significance.

[1] V. M. Abazov et al. [D0 Collaboration], “Evidence for production of single top quarks and first direct measurement of
|V(tb)|,” Phys. Rev. Lett. 98, 181802 (2007) [arXiv:hep-ex/0612052].

[2] D0 Collaboration, “Evidence for production of single top quarks and first direct measurement of |Vtb|”
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Assuming a SM cross section 
ratio of  σs/σt = 0.44

DØ Run II Preliminary



Jovan MitrevskiPHENO 07 - May 7, 2007

Significance

• Significance: 3.2σ. There is only a 0.08% chance for zero signal to fluctuate 
up to what we measure or higher.

• There is a 13% chance for a 2.9 pb signal to result in our measurement or 
higher.

16
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7. EVENT CHARACTERISTICS

As a test to see if the discriminant really does find single-top events, we plot the distributions
of variables after applying a cut on the discriminant value. One variable that has a distinct
shape for t-channel single-top events is “Q × η,” or to be more specific, the charge of the
lepton times the pseudorapidity of the untagged jet. It is also expected that the invariant
mass of the lepton, "ET, and b-tagged jet be consistent with the top quark mass. Fig. 28
shows these two variables for different t-channel discriminant cuts. Fig. 29 shows the same
variables for different s-channel discriminant cuts. The “Q × η” variable does not have the
distinct shape, but the invariant mass is again consistent with the top quark mass. In all
plots, the single top quark content is scaled to the measured cross section.
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FIG. 28: The upper plots are the lepton charge times the pseudorapidity of the untagged jet, and the lower plots are
the invariant mass of the lepton, !ET, and tagged jet for all events combined. The left plots have Dt < 0.4 t-channel
discriminant cut. The middle plots include all bins. The right plots have a Dt > 0.7 t-channel discriminant cut.
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Distributions (t-channel discriminant cut)
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all events Dt > 0.7Dt < 0.4



Jovan MitrevskiPHENO 07 - May 7, 2007

Conclusion

• Made a post-PRL iteration of the ME analysis, with a number of 
improvements, the main one being the addition of a tt ̄ → lepjets matrix 
element for the 3-jet bin. The measured cross section is:

• p-value: 0.08%:  3.2σ Gaussian equivalent significance. 

• An updated combination including the DT, new BNN, and new ME, 
using the BLUE method, is coming.
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6.2. Measured Cross Section

Figure 19 shows the observed tb+tqb posterior without and with systematic uncertainties for
all channels combined.
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FIG. 19: Measured 1D posterior plots for the combined e+µ ≥ 1 b-tag channel with statistical uncertainties only
(left plot) and with systematic uncertainties as well (right plot).

Table 6 shows the measured cross sections from various combinations of analysis channels.
Figure 20 shows the cross sections measured for combined tb+tqb production in each
independent analysis channel. The number in parenthesis is an estimate of the significance
of the measurement, σs+t/∆σs+t.

Measured tb+tqb Cross Section

1,2tags + 2,3jets e,µ + 2,3jets e,µ + 1,2tags All

e-chan µ-chan 1 tag 2 tags 2 jets 3 jets channels

Statistics only 3.6+1.5
−1.4 3.7+1.7

−1.6 2.9+1.2
−1.1 7.1+3.1

−2.7 4.0+1.4
−1.3 3.0+1.9

−1.7 3.7+1.1
−1.1

With systematics 4.3+2.0
−1.7 5.9+2.6

−2.2 4.6+1.8
−1.5 7.5+4.3

−3.5 5.1+2.0
−1.7 4.4+2.7

−2.2 4.8+1.6
−1.4

TABLE 6: Measured tb+tqb cross sections, without and with systematic uncertainties, for
many combinations of the analysis channels. The final result of this analysis is shown in
the lower right hand corner in bold type.

The combined result with full systematics is

σ (pp̄ → tb + tqb + X) = 4.8+1.6
−1.4 pb.

6.3. Signal Significance

A measure of the significance of our measurement is the probability that the background
alone could fluctuate up to or above the measured cross section. This is known as the p-
value, as explained in Appendix 10 in Ref. [2]. Figure 21 shows the distribution of cross
sections for an ensemble made up of zero signal experiments. Full systematics were included
in creating the experiments. From this distribution, we calculate a p-value of 0.08%, meaning
that only 0.08% of the time zero signal could cause the ME method to measure 4.8 pb. That
corresponds to a 3.2σ Gaussian equivalent significance.

Figure 21 also shows the distribution of cross sections for an ensemble made up of standard
model signal (2.9 pb) experiments. This ensemble also has full systematics included. From
this distribution, we calculate a p-value of 13%, meaning that only 13% of the time a standard

24
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Why is Electroweak Production Interesting?

• Electroweak production is directly proportional to |Vtb|2

➡ Assuming unitarity:

➡ Without that assumption, it can be significantly smaller: 

➡ Single top production tests that assumption

• Good place to study the V−A charged current interaction

➡ Because the top quark decays before it has time to 
hadronize, it preserves its polarization

20

q' q
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t

bg

b

J. Alwall et al, arXiv:hep-ph/0607115

11. CKM quark-mixing matrix 1

11. THE CABIBBO-KOBAYASHI-MASKAWA
QUARK-MIXING MATRIX

Revised January 2004 by F.J. Gilman (Carnegie-Mellon University), K. Kleinknecht and
B. Renk (Johannes-Gutenberg Universität Mainz).

In the Standard Model with SU(2)×U(1) as the gauge group of electroweak interactions,
both the quarks and leptons are assigned to be left-handed doublets and right-handed
singlets. The quark mass eigenstates are not the same as the weak eigenstates, and
the matrix relating these bases was defined for six quarks and given an explicit
parametrization by Kobayashi and Maskawa [1] in 1973. This generalizes the four-quark
case, where the matrix is described by a single parameter, the Cabibbo angle [2].

By convention, the mixing is often expressed in terms of a 3 × 3 unitary matrix V
operating on the charge −e/3 quark mass eigenstates (d, s, and b):




d ′

s ′

b ′



 =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb








d
s
b



 . (11.1)

The values of individual matrix elements can in principle all be determined from
weak decays of the relevant quarks, or, in some cases, from deep inelastic neutrino
scattering. Using the eight tree-level constraints discussed below together with unitarity,
and assuming only three generations, the 90% confidence limits on the magnitude of the
elements of the complete matrix are


0.9739 to 0.9751 0.221 to 0.227 0.0029 to 0.0045
0.221 to 0.227 0.9730 to 0.9744 0.039 to 0.044
0.0048 to 0.014 0.037 to 0.043 0.9990 to 0.9992



 . (11.2)

The ranges shown are for the individual matrix elements. The constraints of unitarity
connect different elements, so choosing a specific value for one element restricts the range
of others.

There are several parametrizations of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
We advocate a “standard” parametrization [3] of V that utilizes angles θ12, θ23, θ13, and
a phase, δ13

V =

(
c12c13 s12c13 s13e−iδ13

−s12c23−c12s23s13eiδ13 c12c23−s12s23s13eiδ13 s23c13
s12s23−c12c23s13eiδ13 −c12s23−s12c23s13eiδ13 c23c13

)

, (11.3)

with cij = cos θij and sij = sin θij for the “generation” labels i, j = 1, 2, 3. This has
distinct advantages of interpretation, for the rotation angles are defined and labeled in
a way which relate to the mixing of two specific generations and if one of these angles
vanishes, so does the mixing between those two generations; in the limit θ23 = θ13 = 0 the
third generation decouples, and the situation reduces to the usual Cabibbo mixing of the
first two generations with θ12 identified as the Cabibbo angle [2]. This parametrization is
exact to all orders, and has four parameters; the real angles θ12, θ23, θ13 can all be made
to lie in the first quadrant by an appropriate redefinition of quark field phases.

The matrix elements in the first row and third column, which have been directly
measured in decay processes, are all of a simple form, and, as c13 is known to deviate from

CITATION: S. Eidelman et al., Physics Letters B592, 1 (2004)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) September 8, 2004 15:22

1. INTRODUCTION

The large top quark mass, comparable to the Electroweak Symmetry Breaking (EWSB)
scale, raises the tantalizing possibility that the top quark may either play a key role in the
mechanism of EWSB or open a window of sensitivity to new particles related to EWSB and
strongly coupled to the top quark. In such case, modifications to top quark interactions, in
particular with weak gauge bosons (as the mediators of the EW interaction which acquire
mass via EWSB), could yield the first signs of New Physics. The Tevatron can sensitively
probe the top quark interaction to the W boson via measurements of single top quark
production and top quark decays in tt̄ production, each yielding complementary information.
For instance, in the case of single top quark production and assuming the only production
mechanism involves a W boson exchange, the cross section is proportional to the square of
the effective coupling between the top quark and the W boson.

Within the SM with three generations of quarks, the charged current interactions of the
top quark are (at lowest order) of the type V –A, and involve a W boson and a down-type
quark q (q = d, s, b):

Γµ
tqW = −

g√
2
Vtqū(pb)γ

µPLu(pt), (1)

where |Vtq| is one of the element of the 3×3 unitary CKM matrix [1], and PL,R = (1∓γ5)/2 is
the left-handed/right-handed projection operator. Under the assumption of three generations
and unitary CKM matrix, the |Vtq| elements are severely constrained [2]:

|Vtd| = (8.14+0.32
−0.64) × 10−3, |Vts| = (41.61+0.12

−0.78) × 10−3, |Vtb| = 0.999100+0.000034
−0.000004.

In several extensions of the SM involving e.g. a fourth family of quarks, or an additional
heavy quark singlet which mixes with the top quark, |Vtb| can be significantly smaller than
unity [4].

This note describes the first direct measurement of |Vtb|, based on the single top quark
production cross section measurement at DØ using Decision Trees [3]. This measurement
of |Vtb| makes no assumptions on the number of families or unitarity of the CKM matrix.
However, some other model assumptions have been made, which are discussed below.

First, it is assumed that the only existing production mechanism of single top quarks
involves the interaction with a W boson. Therefore, extensions of the SM where single top
quark events can be produced e.g. via FCNC interactions or heavy scalar or vector boson
exchange, are not considered here.

The second assumption made is that |Vtd|2+|Vts|2 << |Vtb|2. This assumption is reasonable
given the model-independent measurements of

R =
|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2
, (2)

by CDF [5] and DØ [6], obtained by comparing the rate of tt̄ events with zero, one and two
b-tagged jets. For instance, the DØ measurement results in |Vtd|2+|Vts|2 = (−0.03+0.18

−0.16)|Vtb|2.
The requirement that |Vtd|2+|Vts|2 << |Vtb|2 implies that B(t → Wb) & 100% and that single
top quark production is completely dominated by the tbW interaction. This assumption has
been made explicitly when measuring the combined tb+tqb cross section assuming the SM
ratio of σ(tb)/σ(tqb) [4], as well as in the generation of single top quark and tt̄ Monte Carlo
samples.

3
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Why is Electroweak Production Interesting?

• Sensitive to new physics. 

• s-channel and t-channel have different 
sensitivities.

• The s-channel is more sensitive to 
charged resonances, like top pions or 
charged Higgs particles. 

• The t-channel is more sensitive to FCNC 
and other new interactions.
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σtb = 1.12± 0.07 pb

σtW = 0.30± 0.06 pb
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Electroweak Top Quark Production
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t-channel

s-channel

tW associated production

DØ Results with 0.9 fb-1

NLO cross sections (+ higher order soft gluon correction) 
at mt = 170 GeV, Phys. Rev. D 74 114014 (2006)

Methodology s+t-channel observed p-value

BNN (orig) σ= 5.0 ± 1.9 pb 0.89% (2.4σ)

ME (orig) σ= 4.6+1.8-1.5 pb 0.21% (2.9σ)

DT σ= 4.9 ± 1.4 pb 0.04% (3.4σ)

V. M. Abazov et al., Phys. Rev. Lett. 98, 181802 (2007).
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FIG. 1: Main tree-level Feynman diagrams for (a) s-channel single top quark production, (b) t-channel production, and (c) tW
production. This analysis only searches for the s-channel tb and t-channel tqb processes.

output distributions and combine the results from all
channels that improve the expected sensitivity. We then
calculate the probability that our data set contains only
background, use the excess of data over background in
each bin to measure the signal cross section, and calculate
the probability that the data contains both background
and signal produced with at least the measured cross
section value.

TABLE I: Percentage of total selected MC single top quark
events for each jet multiplicity and number of b-tagged
jets, and the associated signal-to-background ratios, for the
electron and muon channels combined.

1 jet 2 jets 3 jets 4 jets ≥ 5 jets

s-channel tb

0 b tags 8% 19% 9% 3% 1%

1:11,000 1:1,600 1:1,200 1:1,100 1:1,000

1 b tag 6% 24% 12% 3% 1%

1:270 1:55 1:73 1:130 1:200

2 b tags — 9% 4% 1% 0%

— 1:12 1:27 1:92 1:110

t-channel tqb

0 b tags 10% 27% 13% 4% 1%

1:4,400 1:520 1:400 1:360 1:300

1 b tag 6% 20% 11% 4% 1%

1:150 1:32 1:37 1:58 1:72

2 b tags — 1% 2% 1% 0%

— 1:100 1:36 1:65 1:70

For each potential analysis channel, the relevant details
are how much of the signal acceptance is in that channel,
and what is the signal-to-background ratio. Table I shows
the percentage of the total signal acceptance for each
jet multiplicity and number of b-tagged jets, and the
signal:background ratios that go with them. We used this
information to determine that the channels most worth-
while to analyze have two, three, or four jets, and one
or two b tags. In the future it could be beneficial to

extend the analysis the include events with only one jet,
b tagged, since the signal-to-background ratio is not bad,
and to study the untagged events with two or three jets
where there is significant signal acceptance.

D. Differences from Previous Searches

We have made several improvements to the analysis
since the previously published result [16, 17], which are
summarized here. The most important difference is that
we have analyzed a dataset four times as large. Other
changes include: (i) use of an improved model for the
t-channel tqb signal from the package SingleTop [23],
based on CompHEP [29], which better reproduces
NLO-like parton kinematics; (ii) use of an improved
model for the tt̄ and W+jets backgrounds from the
alpgen package [34] that has parton-jet matching imple-
mented with pythia to avoid duplicate generation of
some initial-state and final-state jet kinematics; (iii)
measurement from data of the ratio of W boson plus
bb̄ or cc̄ jets to the total rate of W+jets production;
(iv) small differences in electron, muon, and jet identi-
fication requirements and minimum pT ’s; (v) use of a
significantly higher efficiency b-tagging algorithm based
on a neural network; (vi) splitting the analysis by jet
and b tag multiplicity so as not to dilute the strength
of high-acceptance, good signal-to-background channels
by mixing them with poorer ones; (vii) simplifying
the treatment of the smallest sources of systematic
uncertainty (since the analysis precision is statistics
dominated); (viii) omitting the separate calculation of
the diboson backgrounds WW and WZ since they are
insignificant; and (ix) optimizing the search to find the
combined single top quark production from both s- and
t-channel, tb+tqb.

II. THE D0 DETECTOR

The D0 detector [? ] is a multi-purpose apparatus
designed to study pp̄collisions at high energies. It consists
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output distributions and combine the results from all
channels that improve the expected sensitivity. We then
calculate the probability that our data set contains only
background, use the excess of data over background in
each bin to measure the signal cross section, and calculate
the probability that the data contains both background
and signal produced with at least the measured cross
section value.

TABLE I: Percentage of total selected MC single top quark
events for each jet multiplicity and number of b-tagged
jets, and the associated signal-to-background ratios, for the
electron and muon channels combined.

1 jet 2 jets 3 jets 4 jets ≥ 5 jets

s-channel tb

0 b tags 8% 19% 9% 3% 1%

1:11,000 1:1,600 1:1,200 1:1,100 1:1,000

1 b tag 6% 24% 12% 3% 1%

1:270 1:55 1:73 1:130 1:200
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— 1:100 1:36 1:65 1:70

For each potential analysis channel, the relevant details
are how much of the signal acceptance is in that channel,
and what is the signal-to-background ratio. Table I shows
the percentage of the total signal acceptance for each
jet multiplicity and number of b-tagged jets, and the
signal:background ratios that go with them. We used this
information to determine that the channels most worth-
while to analyze have two, three, or four jets, and one
or two b tags. In the future it could be beneficial to

extend the analysis the include events with only one jet,
b tagged, since the signal-to-background ratio is not bad,
and to study the untagged events with two or three jets
where there is significant signal acceptance.

D. Differences from Previous Searches

We have made several improvements to the analysis
since the previously published result [16, 17], which are
summarized here. The most important difference is that
we have analyzed a dataset four times as large. Other
changes include: (i) use of an improved model for the
t-channel tqb signal from the package SingleTop [23],
based on CompHEP [29], which better reproduces
NLO-like parton kinematics; (ii) use of an improved
model for the tt̄ and W+jets backgrounds from the
alpgen package [34] that has parton-jet matching imple-
mented with pythia to avoid duplicate generation of
some initial-state and final-state jet kinematics; (iii)
measurement from data of the ratio of W boson plus
bb̄ or cc̄ jets to the total rate of W+jets production;
(iv) small differences in electron, muon, and jet identi-
fication requirements and minimum pT ’s; (v) use of a
significantly higher efficiency b-tagging algorithm based
on a neural network; (vi) splitting the analysis by jet
and b tag multiplicity so as not to dilute the strength
of high-acceptance, good signal-to-background channels
by mixing them with poorer ones; (vii) simplifying
the treatment of the smallest sources of systematic
uncertainty (since the analysis precision is statistics
dominated); (viii) omitting the separate calculation of
the diboson backgrounds WW and WZ since they are
insignificant; and (ix) optimizing the search to find the
combined single top quark production from both s- and
t-channel, tb+tqb.

II. THE D0 DETECTOR

The D0 detector [? ] is a multi-purpose apparatus
designed to study pp̄collisions at high energies. It consists
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FIG. 1: Main tree-level Feynman diagrams for (a) s-channel single top quark production, (b) t-channel production, and (c) tW
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output distributions and combine the results from all
channels that improve the expected sensitivity. We then
calculate the probability that our data set contains only
background, use the excess of data over background in
each bin to measure the signal cross section, and calculate
the probability that the data contains both background
and signal produced with at least the measured cross
section value.

TABLE I: Percentage of total selected MC single top quark
events for each jet multiplicity and number of b-tagged
jets, and the associated signal-to-background ratios, for the
electron and muon channels combined.

1 jet 2 jets 3 jets 4 jets ≥ 5 jets

s-channel tb

0 b tags 8% 19% 9% 3% 1%

1:11,000 1:1,600 1:1,200 1:1,100 1:1,000

1 b tag 6% 24% 12% 3% 1%

1:270 1:55 1:73 1:130 1:200

2 b tags — 9% 4% 1% 0%

— 1:12 1:27 1:92 1:110

t-channel tqb

0 b tags 10% 27% 13% 4% 1%

1:4,400 1:520 1:400 1:360 1:300

1 b tag 6% 20% 11% 4% 1%

1:150 1:32 1:37 1:58 1:72

2 b tags — 1% 2% 1% 0%

— 1:100 1:36 1:65 1:70

For each potential analysis channel, the relevant details
are how much of the signal acceptance is in that channel,
and what is the signal-to-background ratio. Table I shows
the percentage of the total signal acceptance for each
jet multiplicity and number of b-tagged jets, and the
signal:background ratios that go with them. We used this
information to determine that the channels most worth-
while to analyze have two, three, or four jets, and one
or two b tags. In the future it could be beneficial to

extend the analysis the include events with only one jet,
b tagged, since the signal-to-background ratio is not bad,
and to study the untagged events with two or three jets
where there is significant signal acceptance.

D. Differences from Previous Searches

We have made several improvements to the analysis
since the previously published result [16, 17], which are
summarized here. The most important difference is that
we have analyzed a dataset four times as large. Other
changes include: (i) use of an improved model for the
t-channel tqb signal from the package SingleTop [23],
based on CompHEP [29], which better reproduces
NLO-like parton kinematics; (ii) use of an improved
model for the tt̄ and W+jets backgrounds from the
alpgen package [34] that has parton-jet matching imple-
mented with pythia to avoid duplicate generation of
some initial-state and final-state jet kinematics; (iii)
measurement from data of the ratio of W boson plus
bb̄ or cc̄ jets to the total rate of W+jets production;
(iv) small differences in electron, muon, and jet identi-
fication requirements and minimum pT ’s; (v) use of a
significantly higher efficiency b-tagging algorithm based
on a neural network; (vi) splitting the analysis by jet
and b tag multiplicity so as not to dilute the strength
of high-acceptance, good signal-to-background channels
by mixing them with poorer ones; (vii) simplifying
the treatment of the smallest sources of systematic
uncertainty (since the analysis precision is statistics
dominated); (viii) omitting the separate calculation of
the diboson backgrounds WW and WZ since they are
insignificant; and (ix) optimizing the search to find the
combined single top quark production from both s- and
t-channel, tb+tqb.

II. THE D0 DETECTOR

The D0 detector [? ] is a multi-purpose apparatus
designed to study pp̄collisions at high energies. It consists
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FIG. 1: Main tree-level Feynman diagrams for (a) s-channel single top quark production, (b) t-channel production, and (c) tW
production. This analysis only searches for the s-channel tb and t-channel tqb processes.

output distributions and combine the results from all
channels that improve the expected sensitivity. We then
calculate the probability that our data set contains only
background, use the excess of data over background in
each bin to measure the signal cross section, and calculate
the probability that the data contains both background
and signal produced with at least the measured cross
section value.

TABLE I: Percentage of total selected MC single top quark
events for each jet multiplicity and number of b-tagged
jets, and the associated signal-to-background ratios, for the
electron and muon channels combined.

1 jet 2 jets 3 jets 4 jets ≥ 5 jets

s-channel tb

0 b tags 8% 19% 9% 3% 1%

1:11,000 1:1,600 1:1,200 1:1,100 1:1,000

1 b tag 6% 24% 12% 3% 1%

1:270 1:55 1:73 1:130 1:200

2 b tags — 9% 4% 1% 0%

— 1:12 1:27 1:92 1:110

t-channel tqb

0 b tags 10% 27% 13% 4% 1%

1:4,400 1:520 1:400 1:360 1:300

1 b tag 6% 20% 11% 4% 1%

1:150 1:32 1:37 1:58 1:72

2 b tags — 1% 2% 1% 0%

— 1:100 1:36 1:65 1:70

For each potential analysis channel, the relevant details
are how much of the signal acceptance is in that channel,
and what is the signal-to-background ratio. Table I shows
the percentage of the total signal acceptance for each
jet multiplicity and number of b-tagged jets, and the
signal:background ratios that go with them. We used this
information to determine that the channels most worth-
while to analyze have two, three, or four jets, and one
or two b tags. In the future it could be beneficial to

extend the analysis the include events with only one jet,
b tagged, since the signal-to-background ratio is not bad,
and to study the untagged events with two or three jets
where there is significant signal acceptance.

D. Differences from Previous Searches

We have made several improvements to the analysis
since the previously published result [16, 17], which are
summarized here. The most important difference is that
we have analyzed a dataset four times as large. Other
changes include: (i) use of an improved model for the
t-channel tqb signal from the package SingleTop [23],
based on CompHEP [29], which better reproduces
NLO-like parton kinematics; (ii) use of an improved
model for the tt̄ and W+jets backgrounds from the
alpgen package [34] that has parton-jet matching imple-
mented with pythia to avoid duplicate generation of
some initial-state and final-state jet kinematics; (iii)
measurement from data of the ratio of W boson plus
bb̄ or cc̄ jets to the total rate of W+jets production;
(iv) small differences in electron, muon, and jet identi-
fication requirements and minimum pT ’s; (v) use of a
significantly higher efficiency b-tagging algorithm based
on a neural network; (vi) splitting the analysis by jet
and b tag multiplicity so as not to dilute the strength
of high-acceptance, good signal-to-background channels
by mixing them with poorer ones; (vii) simplifying
the treatment of the smallest sources of systematic
uncertainty (since the analysis precision is statistics
dominated); (viii) omitting the separate calculation of
the diboson backgrounds WW and WZ since they are
insignificant; and (ix) optimizing the search to find the
combined single top quark production from both s- and
t-channel, tb+tqb.

II. THE D0 DETECTOR

The D0 detector [? ] is a multi-purpose apparatus
designed to study pp̄collisions at high energies. It consists

σtqb = 2.34± 0.12 pb
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CDF Results with 955 pb-1

23

Methodology s+t-channel extra info

Neural Network σ< 2.6 pb @ 95% CL
σt = 0.2+1.1-0.2 pb
σs = 0.7+1.5-0.7 pb

Likelihood σ< 2.7 pb @ 95% CL
best fit t-channel = 0.2 pb
 best fit s-channel = 0.1 pb

Matrix Element σ= 2.7+1.5-1.3 pb p-value: 1.0% (2.3σ)

Compatibility of NN (both 1D and 2D), LF and ME data results is 0.65%



Figure 2 shows the transverse momenta and pseudorapidities for the partons in our Monte
Carlo models of the s-channel and t-channel single top processes, after decay of the top quark
and W boson.
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FIG. 2: Distributions of transverse momenta (left column), pseudorapidity times lepton charge (center column), and
pseudorapidity (right column) for the final-state partons in s-channel single top events (upper row) and t-channel
(lower row). The plots show t and t̄ combined.

Figure 3 shows how the combination of the 2→2 process with the 2→3 process in the t-
channel [19] produces the wide-but-central rapidity distribution of the low-pT b quark shown
in the last plot of Fig. 2. The combination is achieved by using the 2→2 process when
pT (b) ≤ 10 GeV, and using the 2→3 process when pT (b) > 10 GeV. This creates NLO
distributions for this process.

CompHEP (tqb+ISR) and Pythia (tq+ISR) processes, PTb cut = 10 GeV
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FIG. 3: The transverse momentum and rapidity distributions of the low-pT b quark produced with the top quark in
the t-channel from the 2→2 and 2→3 processes and their combination.
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Single Top Parton Distributions
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Figure 2 shows the transverse momenta and pseudorapidities for the partons in our Monte
Carlo models of the s-channel and t-channel single top processes, after decay of the top quark
and W boson.
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in the last plot of Fig. 2. The combination is achieved by using the 2→2 process when
pT (b) ≤ 10 GeV, and using the 2→3 process when pT (b) > 10 GeV. This creates NLO
distributions for this process.
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Figure 2 shows the transverse momenta and pseudorapidities for the partons in our Monte
Carlo models of the s-channel and t-channel single top processes, after decay of the top quark
and W boson.
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distributions for this process.
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Data/MC Comparisons Before b-Tagging
(2 jet bin, electron channel)
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Data/MC Comparisons After b-Tagging
(2 jet bin, electron channel, one tag)
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Event Yields

27

• Try to discriminate against tt ̄ →ℓ+jets in the three-jet bin.

Yields with One b-Tagged Jet

Electron Channel Muon Channel

1 jet 2 jets 3 jets 4 jets 5+ jets 1 jet 2 jets 3 jets 4 jets 5 jets

Signals

tb 2 7 3 1 0 1 5 2 1 0

tqb 3 11 6 2 1 2 9 5 2 0

tb+tqb 5 18 9 3 1 3 14 7 2 1

Backgrounds

tt̄→ll 4 16 13 5 2 2 13 10 4 1

tt̄→l+jets 1 11 47 58 30 0 6 32 45 20

Wbb̄ 188 120 50 14 2 131 110 56 16 4

Wcc̄ 81 74 36 9 1 64 74 46 13 2

Wjj 175 61 20 5 1 125 58 23 6 2

Multijets 36 66 48 18 7 17 26 24 8 2

Background Sum 484 348 213 110 43 340 286 191 93 30

Data 445 357 207 97 35 289 287 179 100 38

TABLE 9: Yields after selection for events with exactly one b-tagged jet.

Yields with Two b-Tagged Jets

Electron Channel Muon Channel

1 jet 2 jets 3 jets 4 jets 5+ jets 1 jet 2 jets 3 jets 4 jets 5 jets

Signals

tb — 2.3 1.1 0.3 0.1 — 1.9 0.9 0.3 0.1

tqb — 0.3 0.8 0.4 0.2 — 0.2 0.7 0.4 0.1

tb+tqb — 2.6 1.9 0.7 0.2 — 2.1 1.6 0.6 0.2

Backgrounds

tt̄→ll — 5.5 4.6 1.7 0.7 — 4.6 3.8 1.4 0.5

tt̄→l+jets — 1.7 13.6 21.8 11.7 — 1.0 10.2 18.0 8.1

Wbb̄ — 16.2 6.8 1.8 0.3 — 15.3 8.2 2.3 0.6

Wcc̄ — 1.6 1.1 0.4 0.1 — 1.6 1.5 0.5 0.1

Wjj — 0.1 0.1 0.0 0.0 — 0.1 0.1 0.0 0.0

Multijets — 2.5 3.2 2.7 1.4 — 1.5 1.9 0.4 0.8

Background Sum — 27.5 29.4 28.4 14.2 — 24.1 25.7 22.7 10.1

Data — 30 37 22 10 — 23 32 27 10

TABLE 10: Yields after selection for events with exactly two b-tagged jets.
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ME Weights

28

• One issue has always been how do 
we combine the various MEs to 
determine P(x | background) and    
P(x | signal).

• In the old analysis, the weights, wi, 
are optimized by grid search.

• To be more physics-motivated, we 
decided to choose weights based 
on the relative yields. Not so easy in 
practice because we don’t have all 
the matrix elements. 

• For P(x | t-channel) in the 3-jet bin:

• wtqb = 0.6, wtqg = 0.4 in 1-tag

• wtqb = 1.0, wtqg = 0.0 in 2-tag

P (x|B) =
∑

i

wiP (x|Bi)

These are not that different, and what was chosen was roughly the average of the two. In
the three-jet bin, the weights are calculated the same way, with the addition that wlelpjets =
flepjets. The actual values used are summarized in Table 3.

Background Fractions

1 tag 2 tags

Electron Muon Electron Muon

wwbb 0.55 0.60 0.83 0.87

wwcg 0.15 0.15 0.04 0.04

wwgg 0.35 0.30 0.13 0.09

wwbbg 0.35 0.45 0.30 0.40

wwcgg 0.10 0.10 0.02 0.03

wwggg 0.30 0.25 0.13 0.10

wlepjets 0.25 0.20 0.55 0.47

TABLE 3: Background fractions chosen for each
analysis channel in two-jet and three-jet events.

2.8. Limit Setting

[Put some info here on how the 2D histograms are fed into the limit setting code.]

11

2. SEPARATION OF SIGNAL FROM BACKGROUND USING

MATRIX ELEMENTS

2.1. Method Overview

The matrix element (ME) method uses the matrix elements of a process to calculate the
probability to observe a particular event assuming that it is the given process. The key
equation is:

P (x|processi) =
1

σi

dσi

dx
(2)

where x is the configuration of an event, and P (x|processi) is the probability to observe
x given that the physics process is processi. More concretely, x is the set of four-vectors,
and possibly other information, of the event. For each event, we can calculate P (x|signal),
which uses the matrix elements of the signal processes, and P (x|background), which uses
the matrix elements of the background processes. Bayes’ Theorem then allows us to invert
the relation:

P (signal|x) =
P (x|signal)P (signal)

P (x|signal)P (signal) + P (x|background)P (background)
(3)

Thus, we get what we need: the probability that we have the signal given its configuration.
Actually, we use a related equation:

D(x) =
P (x|signal)

P (x|signal) + P (x|background)
(4)

which contains the same information. As is explained in Ref. [1], this contains the ratio used
for the Neyman-Pearson test, so it is the most powerful test of a hypothesis.

2.2. Calculation of the Event Probability Density Functions

To be more specific, the event configuration, x, we have been discussing above refers to the
reconstructed event configuration; however, the matrix element, |M|2, depends on the parton
configuration of the event, which we will label y. The differential cross section, dσ/dx, can
be related to dσ/dy by integrating over all the parton values, using the parton distribution
functions to relate the incoming partons to the proton and antiproton, and using a transfer
function to relate the outgoing partons to the reconstructed objects. This is given in Eq. 5,
which is the same as the corresponding equation in Ref. [1] with slightly modified notation.

dσ

dx
=

∑

j

∫

dy

[

f1,j(q1, Q
2) f2,j(q2, Q

2)
dσhs,j

dy
Wj(x, y) Θparton(y)

]

(5)

where

•
∑

j is a sum of different configurations that contribute to the differential cross section:
it is the discrete analogue to dy. Specifically, it includes summing over the initial parton
flavors in the hard scatter collision and the different permutations of assigning jets to
partons. With regards to the initial parton flavors, for example an s-channel collision
can occur via ud̄, d̄u, cs̄, and s̄c annihilation, where the first element of the pair is
associated with the proton and the second with the antiproton. We take the CKM
matrix to be diagonal when choosing what pairs to sum.

4
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IV. RESULT

The fitted parameters for each ηdet region are given in Tables I, II, and III for light jets, b jets, and b(→ µ) jets

respectively. The double Gaussian fit function is by construction normalized to 1 in the Ej interval (−∞,+∞). For

low parton energies Ep, W (Ep, Ej) must be corrected for non-vanishing probability of unphysical jet energies Ej < 0.

These corrections are shown in the top line of Figure 15. The second, third, and fourth line of Figure 15 show example

evaluations of the transfer function parameters for certain values Ep as a function of Ej for light jets, b jets, and

b(→ µ) jets respectively.
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FIG. 15: Derived transfer function parameters, evaluated for certain Ep values, as a function of Ej . The top line shows the

normalizations computed such that transfer functions for all Ep are normalized to 1 in the interval [0,∞). In the second, third,

and fourth line, example evaluations for light, b, and b(→ µ) parameters are shown respectively.
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Transfer Functions

29

 [GeV/c]
T

p
0 50 100 150 200 250

0

0.01

0.02

0.03

0.04

0.05

T
The jet5 p

tchan pos

unsmeared

smeared

d0gstar matched

T
The jet5 p

Applying the jet transfer function on the 
bottom quark from the top decay (blue) vs. 
full GEANT simulation (yellow)

The jet transfer function for b-jets

DØ Run II Preliminary                  

DØ Run II Preliminary                 

• We measure reconstructed values, but the 
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Discriminant Performance (Electron, One Tag)
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Cross Check Plots
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Calibration

input 2.9 pb → measure 3.2 pb

input 4.5 pb → measure 4.8 pb

32

Input s+t cross section [pb]
0 1 2 3 4 5 6 7 8 9

En
se

m
bl

e 
re

sp
on

se
 s

+t
 c

ro
ss

 s
ec

tio
n 

[p
b]

0

1

2

3

4

5

6

7

8

9
ME analysis

/ndof = 2.73/22!

 0.01 ±Slope = 0.95  

 0.04±Intercept = 0.46 

ME analysis



Jovan MitrevskiPHENO 07 - May 7, 2007

The Algorithm to Lose a Jet

• Assume, for simplicity, that we lose only light quark jets.

• The algorithm requires figuring out which quark to lose and assigning a 
weight reflecting the probability to lose that jet. It proceeds as follows:

• If the two light quarks are within ΔR < 0.6, it is assumed that they merge. 
No merging with b-jets is supported. The weight returned is 1. 

• Randomly choose which light parton to lose. 

• If the lost parton has |η| > 3.4, it is assumed that the associated jet is not 
found with probability 1.

• Otherwise, (and this should be the main method) the returned weight is:

33

• Use a random number to choose which parton to lose. If the lost parton has |η| > 3.4
it is assumed that the associated jet is not found because of the η cut in the selection.
The returned weight is 1.

• Otherwise, use a random number to choose which parton to lose, and return a weight
based on the transfer function as a function of the ET of the parton that is to be lost:

w(ET,parton) = max
{

∫ 15

0
dET,recoWjet(ET,reco|ET,parton), 0.05

}

(19)

2.5.3. Assignment Permutations

The event probability density shown in Eq. 5 assumes a known assignment between a jet
and parton from the matrix element. In practice, this assignment is not a-priori known and
we must sum over all possible assignments. In general, the event differential cross section is
modified as shown in Eq. 20:

dσ(#, j1, j2) = αj1→p1αj2→p2dσ(#, j1→p1, j2→p2) +

+ αj2→p1αj1→p2dσ(#, j2→p1, j1→p2) (20)

where the α parameters relate to the probability of the jet-parton match. If there is no
a-priori knowledge of the correct assignment, these quantities can be made equal. Thereby
no preference is given to either assignment.

This analysis uses information from the neural network b tagger [13] to weight the different
jet-parton combinations depending on whether a given jet is tagged or not and which parton
flavor is being assigned to it when summing over the combinatorial background (see Eq. 20).
Therefore the α weights are related to the jet tag-rate functions for the different hypothesized
jet flavors (b, c and light), as shown in Table 3. The different jet tag-rate functions for
each flavor have been provided by the B-ID group parametrized in terms of jet PT and η:
εflavor(j) = εflavor(PT (j), η(j)).

Jet-Parton Matching Weight Factors

Parton flavor b tagged Not tagged

b εb 1 − εb

c εc 1 − εc

light εl 1 − εl

TABLE 3: Weights for the event differential cross
section depending on the b-tagging status of the jet
and jet-parton assignment.

For example, let us assume we have a given two-jet event with j1 tagged and j2 not tagged,
and we are trying to evaluate the probability density function for the Wcg hypothesis,
summing over the two possible jet-parton assignments. In this case, the differential cross
section would be given by:

dσWcg(#, j1, j2) = εc(j1)(1 − εl(j2))dσWcg(#, j1→c, j2→g) +

+ εl(j2))(1 − εc(j1))dσWcg(#, j2→c, j1→g). (21)

This differential cross section must then be integrated over the reconstructed lepton and
jets four-momenta in order to compute the event probability density function.

9
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FIG. 29: The upper plots are the lepton charge times the pseudorapidity of the untagged jet, and the lower plots are
the invariant mass of the lepton, !ET, and tagged jet for all events combined. The left plots have Ds < 0.4 s-channel
discriminant cut. The middle plots include all bins. The right plots have a Ds > 0.7 s-channel discriminant cut.
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Distributions (s-channel discriminant cut)

34

all events Ds > 0.7Ds < 0.4
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Combining using the BLUE method

• BLUE method:

• Minimize variance by choosing: • Correlation matrix:

35

σcomb =
∑

j

wjσj

wi =
∑

j Cov−1(σi, σj)
∑

k

∑
l Cov−1(σk, σl)

∆σcomb =
√∑

i

∑
j
wiwjρij∆σi∆σj

ρij ≡
Cov(i, j)√

Var(i)Var(j)4
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FIG. 1: Distributions of the measured cross sections from the individual analyses (left), and the
combined analysis (right), using SM signal+background ensembles.

TABLE I: Mean and RMS from the SM signal (2.86 pb) +
background ensembles for the different analyses.

Analysis Mean RMS σ/∆σ

σ [pb] ∆σ [pb]

Decision trees (DT) 2.9 1.6 1.8

Matrix elements (ME) 3.3 1.6 2.1

Bayesian neural networks (BNN) 3.0 2.1 1.4

Combined 3.1 1.4 2.2

Applying the weights and the correlation matrix obtained above to Eq. 9, we find the coverage probability of [y −
δy, y + δy] to be 0.64, which is close to 68% of a one-standard-deviation confidence level interval. We may therefore
use this definition of δy to compute the uncertainty on the combined measurement from real data.

The combined result and its uncertainty can then be obtained from Eqs. 1 and 9 as:

σ (pp̄ → tb + X, tqb + X) = 4.8± 1.3 pb (DT + ME + BNN combined)

The single top quark cross section measurements using real data from the individual analyses and the combination
are summarized in Fig. 2.
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FIG. 2: The single top cross section measurements using real data, from
the individual analyses and the combination.
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In practice, measurements based on the same dataset will be correlated and we must replace Eq. (5) by

Var(y) =
∑

i

∑

j

wi wj Cov(σ̂i, σ̂j), (7)

where Cov(σ̂i, σ̂j) ≡ E(σ̂iσ̂j) − E(σ̂i)E(σ̂j) are the matrix elements of the covariance matrix of the measurements.
The minimization yields the result

wi =
∑

j Cov−1(σ̂i, σ̂j)
∑

i

∑
j Cov−1(σ̂i, σ̂j)

, (8)

where Cov−1(σ̂i, σ̂j) denotes the matrix elements of the inverse of the covariance matrix.

A. Ansatz for confidence intervals

The expression for the variance, Eq. (7), of the ensemble distribution of y, Eq. (1), suggests the following ansatz
for a confidence interval. Compute

δy =
√∑

i

∑

j

wiwjρi,j δ̂iδ̂j , (9)

where the δ̂i are the data-dependent uncertainties and ρi,j ≡ Cov(i, j)/
√

Var(i)Var(j) is the correlation matrix derived
from the ensemble. An approximate (symmetric) confidence interval is then given by [y − δy, y + δy].

III. RESULTS USING THE BLUE METHOD

The procedure outlined above requires us to run each of the three single top analyses over the same ensembles of
pseudo-datasets. We use the following two ensembles:

• SM signal (2.86 pb) + background pseudo-datasets (to determine the weights and to check the coverage
probability of the confidence intervals)

• Background-only pseudo-datasets (to determine the significance after combining all analyses).

These ensembles of pseudo-datasets are generated from a pool of 1.6 million Monte Carlo events used in the
modeling of the Standard Model backgrounds and the single top quark signals. Each source of background or signal is
fluctuated separately, according to the allowed variation on that source due to systematic and statistical uncertainties.
The normalization to data imposed in the background model is also taken into account when fluctuating background
sources that are anti-correlated by the normalization. The event weights (coming from trigger, object reconstruction,
and b-jet identification efficiencies) are taken into account such that events with a higher weight will be more likely
to be picked.

The cross section measurements on the SM signal+background ensemble (consisting of 1,700 pseudo-datasets) are
shown in Fig. 1 for the individual (left) as well as combined (right) analyses. The mean and the RMS obtained from
these distributions are given in Table I.

As explained in Eq. 8, we obtain the weights wi for each of the single top analyses from the same 1700 SM
signal+background pseudo-datasets:

• wDT = 0.401

• wME = 0.452

• wBNN = 0.146

We next check the coverage probability of the confidence intervals as discussed in Sec. IIA. The correlation matrix
is determined to be:

ρ =





DT M
E

BNN

1 0.57 0.51 DT

0.57 1 0.45 ME

0.51 0.45 1 BNN
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Combining using the BLUE method (cont.)

• From SM Ensembles:

• The following weights are chosen:

wDT = 0.401, wME = 0.452, wBNN = 0.146

• Expected Significance:
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FIG. 1: Distributions of the measured cross sections from the individual analyses (left), and the
combined analysis (right), using SM signal+background ensembles.

TABLE I: Mean and RMS from the SM signal (2.86 pb) +
background ensembles for the different analyses.

Analysis Mean RMS σ/∆σ

σ [pb] ∆σ [pb]

Decision trees (DT) 2.9 1.6 1.8

Matrix elements (ME) 3.3 1.6 2.1

Bayesian neural networks (BNN) 3.0 2.1 1.4

Combined 3.1 1.4 2.2

Applying the weights and the correlation matrix obtained above to Eq. 9, we find the coverage probability of [y −
δy, y + δy] to be 0.64, which is close to 68% of a one-standard-deviation confidence level interval. We may therefore
use this definition of δy to compute the uncertainty on the combined measurement from real data.

The combined result and its uncertainty can then be obtained from Eqs. 1 and 9 as:

σ (pp̄ → tb + X, tqb + X) = 4.8± 1.3 pb (DT + ME + BNN combined)

The single top quark cross section measurements using real data from the individual analyses and the combination
are summarized in Fig. 2.
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FIG. 2: The single top cross section measurements using real data, from
the individual analyses and the combination.
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IV. SIGNIFICANCE

We use the background-only ensemble (consisting of 63,000 pseudo-datasets) to determine the expected and observed
significance of the combined cross section. Here too, results from the individual analyses are combined following the
same approach as for the SM signal+background ensembles. Distributions of the results from all the analyses are
shown in Fig. 3.
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FIG. 3: Distributions of the measured cross sections from the different
analyses, using background-only ensemble. The arrow shows the
combined cross section measurement (4.8 pb) using real data.

The expected p-value (and the associated significance in Gaussian-like standard deviations) is obtained by counting
how many background-only pseudo-datasets result in a measured cross section above the expected SM value of 2.86 pb.
These are shown in Table II for the different analyses.

TABLE II: The expected p-values and significances for the individual and the
combined analyses, using the SM value of 2.86 pb for signal cross section as the
reference point in Fig. 3.

Analysis Expected p-value Expected significance

[std. dev.]

Decision trees (DT) 0.0177 2.1

Matrix elements (ME) 0.0358 1.8

Bayesian neural networks (BNN) 0.0992 1.3

Combined 0.0137 2.2

The observed p-value is similarly calculated by counting how many background-only pseudo-datasets result in a
measured cross section above the observed value of 4.8 pb. The result is 0.027% or 3.5 standard deviations. The
observed cross sections, p-values, and significances from all the analyses are summarized in Table III.

Finally, using the SM signal+background pseudo-datasets, we obtain the compatibility with the SM expectation
by counting how many pseudo-datasets result in a cross section with the observed value or higher for each of the
analyses. The probabilities for the different analyses are 11% for the DT, 22% for the ME, 17% for the BNN, and
12% for the combined analyses.
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FIG. 2: Distributions of the measured cross sections from the different analyses, using the

background-only ensembles. The arrow shows the combined cross section measurement (4.8 pb)

using real data.

Analysis Measured cross section [pb] p-value Significance

Decision trees (DT) 4.950 0.000399 3.4

Matrix element (ME) 4.599 0.002013 2.9

Bayesian neural networks (BNN) 4.980 0.011566 2.3

Combined 4.800 0.000272 3.5

TABLE II: The measured cross sections, p-values and significances for the individual and the

combined analyses, the latter two obtained using the background-only ensembles.

• remove ambiguity about which ensemble type (using the SM value for the signal cross

section, or a different one) should be used for determining the weights.

[1] In principle, using ensembles of pseudo-datasets, one could study different protocols for picking

a single result a posteriori, such as picking, each time, the most precise one. However, this

“Maxwell demon” approach was considered too radical when it was tried in Run I. One presumes

it would be still considered radical now.

[2] See for example, B. A. Turlach, Bandwidth Selection in Kernel Density Estimation: A Review,

7

6

TABLE III: The measured cross sections, p-values, and significances for the
individual and combined analyses, the latter two obtained using the background-
only ensemble.

Analysis Measured cross section p-value Significance

[pb] [std. dev.]

Decision trees (DT) 4.9 0.00040 3.4

Matrix elements (ME) 4.6 0.00201 2.9

Bayesian neural networks (BNN) 5.0 0.01157 2.3

Combined 4.8 0.00027 3.5

V. CONCLUSIONS

To conclude, the measured single top quark production cross section after combining results from the DT, ME and
BNN analyses, is 4.8± 1.3 pb with a significance of 3.5 standard deviations.

[1] V. M. Abazov et al. [D0 Collaboration], “Evidence for production of single top quarks and first direct measurement of
|V(tb)|,” submitted to Phys. Rev. Lett., arXiv:hep-ex/0612052.
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such as picking, each time, the most precise one. However, this “Maxwell demon” approach was considered too radical when
it was tried in Run I. One presumes it would still be considered radical now.

[3] L. Lyons, D. Gibaut, and P. Clifford, Nucl. Instrum. Methods A 270, 110 (1988); R. J. Barlow, Statistics: A Guide To
The Use Of Statistical Methods In The Physical Sciences, The Manchester Physics Series, John Wiley and Sons, New York
(1989); G. Cowan, Statistical Data Analysis, Oxford (1998).

[4] In the BLUE method, statistical and systematic uncertainties can be treated separately. This however is not necessary if
one uses ensembles of pseudo-datasets appropriately randomized for statistical and systematic uncertainties.

σ (pp̄→ tb + tqb + X) = 4.8± 1.3 pb
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