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The Top Quark

• Discovered in 1995 at the Tevatron

• Heaviest particle to date:

mt = 171.4 ± 2.1 GeV / c2

close to the scale of electroweak symmetry 
breaking.

➡ Beyond the Standard Model effects?

➡ Has a large effect in loop corrections that are 
in powers of mt

• Predicted lifetime of ≈ 0.5 × 10−24 s, too short 
to form bound states

➡ Retains more information from the 
fundamental collision
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• So far, the top quark has only been 
observed in pairs, produced by the 
strong force.
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Top Pair Production
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τ+jets  (b-tagged) NEW
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–0.3

l+jets  (topological) NEW
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Best Independent Measurements
of the Mass of the Top Quark   (*=Preliminary)

   
CDF-I   dilepton 167.4 ± 11.4
DØ-I     dilepton 168.4 ± 12.8
CDF-II  dilepton* 164.5 ±   5.5
DØ-II    dilepton* 178.1 ±  8.3
CDF-I   lepton+jets 176.1 ±   7.3
DØ-I     lepton+jets 180.1 ±   5.3
CDF-II  lepton+jets* 170.9 ±   2.5
DØ-II    lepton+jets* 170.3 ±   4.5
CDF-I   alljets 186.0 ± 11.5

χ2/ dof = 10.6/10

Tevatron Run-I/II* 171.4 ±  2.1
150 170 190
Top Quark Mass [GeV]

CDF-II  alljets* 174.0 ±  5.2
CDF-II  b decay length* 183.9 ± 15.8

85% qq̄ annihilation
at the Tevatron

15% gluon fusion
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Electroweak Top Quark Production
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σtqb = 1.98± 0.23 pb

σtb = 0.88± 0.07 pb

tW production is 
negligible at the Tevatron

Methodology Integrated 
Luminosity s-channel t-channel

Cut-based 230 pb-1 10.6 pb 11.3 pb

Neural Network 230 pb-1 6.4 pb 5.0 pb

Likelihood 370 pb-1 5.0 pb 4.4 pb

DØ Limits (95% confidence level)

Methodology Integrated 
Luminosity s+t-channel

Neural Network 695 pb-1 σ< 3.4 pb @ 95% CL

Likelihood 955 pb-1 σ< 2.7 pb @ 95% CL

Matrix Element 955 pb-1 σ= 2.7+1.5-1.3 pb

CDF Limits

NLO cross sections at mt = 175 GeV, 
Phys.Rev. D70 (2004) 114012 
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Why is Electroweak Production Interesting?

• Electroweak production is directly proportional to |Vtb|2

➡ Current limits to |Vtb|2 assume the CKM matrix is unitary.
Without that assumption, it is virtually unconstrained:

0.07 ≤ |Vtb| ≤ 0.9993 (90% CL) 

➡ Single top production tests that assumption

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

➡ The Standard Model predicts the top quark to be 
produced highly polarized

➡ Because the top quark decays before it has time to 
hadronize, it preserves its polarization
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S. Eidelman et al, Phys. Lett. B 592, 1 (2004)

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

http://pdg.lbl.gov/2005/html/authors_2004.html
http://pdg.lbl.gov/2005/html/authors_2004.html


Tait, Yuan PRD63, 014018 (2001)
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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.

6
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Fermilab and the Tevatron

• The Tevatron is a pp collider with 
√s = 1.96 TeV

• Just a few weeks ago reached 
the milestone: 2 fb-1 have been 
delivered in Run II.

• Where the top quark was 
discovered 10 years ago using 
less than 100 pb-1

• It is currently the only place to 
study the top quark.

7
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The Tevatron Performance: over 2 fb-1 Delivered

8

Current Single Top Analyses End Here

End of Run IIa
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The DØ Detector
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How does Single Top Look?
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• The event signature for single top is:

• a charged lepton and a neutrino (missing ET) 
coming from the W decay

• a bottom quark coming from the top quark 
decay

• in s-channel, the other bottom quark (b̄ on the 
diagram)

• in t-channel, the light quark (q in the diagram). 
This one is often quite forward.

• in t-channel, the second bottom quark from 
gluon splitting (b̄ on the diagram) is usually not 
observed. 
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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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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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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.
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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
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Figure 2 shows the transverse momenta and pseudorapidities for the partons in our Monte
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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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(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.
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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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Why hasn’t Single Top been observed yet?

• The single top cross section is not that much smaller than that of tt̄, 
which was first observed over 10 years ago

➡ Top pair production has a much more unique event signature.

➡ Single-top is kinematically between top pair and W+jets.

• The main background is W+jets.

• W+bb̄

• W+charm and W+light jets that get tagged

• B-tagging is key to reducing the large background

• Other Backgrounds

• Multijet (i.e. fake lepton)

• tt̄ (more so in higher jet multiplicity bins)
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Analysis Overview

• Loose event selection (leave more to the NN, DT, ME).

• Work in separate lepton, jet, and tag bins. 

• Background Modeling

• W+jets and tt̄: Alpgen/Pythia with MLM matching

• The heavy flavor content for the W+jets sample is measured in data and a 
k-factor of 1.5 is applied to the W+cc̄ and W+bb̄ MC samples.

• multijet (fake lepton) background: orthogonal data sample.

• Before b-tagging (where single-top is negligible), the multijet sample is scaled 
to the fake lepton yield, and the W+jets sample is scaled to the real lepton 
yield minus the tt̄ yield.

• We model the single-top signal with the Monte Carlo generator SingleTop, a 
version of CompHEP modified to reproduce NLO distributions.

13
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Event Selection

• 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, since that’s probably due to mismeasurement.

14
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Yields Before b-Tagging
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8. EVENT YIELDS

We use the term “yield” to mean the number of events of the signal or background in question
predicted to be in the nearly 1 fb−1 of data analyzed here. Tables 7, 8, 9, and 10 show these
yields for all signals and backgrounds separated by lepton flavor and jet multiplicity within
each table, and by the numbers of b-tagged jets between the tables. Because the W+jets and
multijet backgrounds are normalized to data before tagging, the sum of the backgrounds is
defined to equal the number of events observed in the data, as seen in the first table. Note
also that the yield values shown in these tables have been rounded to integers for clarity,
so that the sums of the components will not always equal exactly the values given for these
sums. All calculations however have been done with full-precision values.

Yields Before b-Tagging

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 4 14 7 2 0 3 10 5 1 0

tqb 9 27 14 5 1 6 20 11 3 1

tb+tqb 14 41 21 6 2 9 31 16 5 1

Backgrounds

tt̄→ll 9 35 28 10 4 5 27 22 8 3

tt̄→l+jets 2 26 103 128 67 1 14 71 99 43

Wbb̄ 659 358 149 42 5 431 312 161 47 10

Wcc̄ 1,592 931 389 93 10 1,405 1,028 523 131 21

Wjj 23,417 5,437 1,546 343 51 15,476 4,723 1,591 385 85

Multijets 1,691 1,433 860 256 86 498 329 223 58 10

Background Sum 27,370 8,220 3,075 874 223 17,816 6,434 2,592 727 172

Data 27,370 8,220 3,075 874 223 17,816 6,432 2,590 727 173

TABLE 7: Yields after selection and before b tagging.

Yields with Zero 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 3 5 2 1 0 1 4 2 1 0

tqb 6 16 7 2 1 4 11 6 2 0

tb+tqb 9 21 10 3 1 5 15 7 2 1

Backgrounds

tt̄→ll 5 14 11 4 1 3 10 8 3 1

tt̄→l+jets 2 13 43 47 24 1 7 28 35 15

Wbb̄ 471 222 92 27 3 300 187 97 28 6

Wcc̄ 1,511 856 352 84 9 1,341 953 475 117 19

Wjj 23,242 5,376 1,526 338 50 15,351 4,665 1,569 379 84

Multijets 1,655 1,365 808 236 78 481 302 198 49 7

Background Sum 26,886 7,845 2,832 735 165 17,476 6,124 2,375 610 131

Data 26,925 7,833 2,831 752 178 17,527 6,122 2,378 599 125

TABLE 8: Yields after selection for events with no b-tagged jets.
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Data/MC Comparisons Before b-Tagging
(2 jet bin, electron channel)
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B-Tagging

• As mentioned in the introduction, b-
tagging is one of the key ways we 
decrease the large background

• One of the recent improvements at DØ 
is the new Neural Network Tagger. 

• The plots on the right show its 
performance on data in comparison to 
JLIP, an older tagger.
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1 Introduction

This note describes the performance on p17 data of the Neural Network (NN) b-tagger. The NN b-
tagging tool was developed and optimised on Monte Carlo (MC)[1]. The NN was trained on direct bb̄
and QCD MC samples but the efficiency was determined in data. The NN tagger was certified for
p14 data [2] following the b-id group’s standard certification procedure[3]. The same procedure was
used for the p17 certification described in this note. This document should therefore be read as an
update of the p14 certification note.

A couple of new studies were performed for the p17 certification:

• trigger bias from L3 lifetime-based triggers was removed;

• the !isEM cut was removed;

• the system8 parameter α was estimated in MC.

The Monte Carlo was also improved with respect to p14, giving a more realistic simulation of
real data.

The outline of the note is as follows:
Section 2 covers the samples used in these studies.
Section 3 covers the comparison between the NN input variables and NN output between data

and MC.
Section 4 covers the measurement of the b-efficiency on real data.
Section 5 covers the measurement of the fake rate in real data.
The code developed by the authors of this note for the development and certification of the NN

tagger in p14 and p17 is available in DØ CVS package nn cert.

1.1 Neural Network Tagger

The p17 NN tagger uses the same seven input variables from the JLIP, SVT and CSIP taggers as in
p14, outlined in Table 1. The other NN specifications are outlined in Table 2.

Rank Variable Description

1 SV TSL DLS Decay Length Significance of the Secondary Vertex (SV)

2 CSIP Comb Weighted combination of the tracks’ IP Significances

3 JLIP Prob Probability that the jet originates from the PV

4 SV TSL χ2
dof Chi Square per degree of freedom of the SV

5 SV TL NTracks Number of tracks used to reconstruct the SV

6 SV TSL Mass Mass of the SV

7 SV TSL Num Number of SV found in the jet

Table 1: NN input variables ranked in order of power.

1.2 Operating Points

The NN tagger performance was evaluated for 12 operating points. For the p14 certification, 6
operating points were chosen to give fake rates ranging from 0.3% to 4%. In p17 6 operating points
were added, of which 3 were tighter and 3 looser than the original operating points. In p14, the NN
output > 0.5 operating point was called ”Loose”. The same operating point is now called ”oldLoose”,
and ”Loose” corresponds to a cut of 0.45. The operating points are outlined in Table 3.

1

“TIGHT” operating point
Efficiency: 50%, Fake Rate: 0.5%
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Signal : Background 
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Yields with One b-Tagged Jet
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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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Data/MC Comparisons After b-Tagging
(2 jet bin, electron channel, one tag)
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How to proceed

• Method 1: Optimized cuts-based, 
but shown not to be competitive

• Method 2: Neural Networks. 
Bayesian Neural Networks show 
lots of promise

• Method 3: Boosted Decision Trees

• Method 4: Matrix Element. This 
is the focus of this presentation

21
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Matrix Element Method

• The matrix element encodes all the kinematic information.

Where F is the flux factor and dQ is the Lorentz invariant phase space factor.

• The method makes maximal use of the information. The matrix element 
contains all the properties of the interaction. (practical limitation: LO matrix 
element.)

• The method requires no training. It is firmly grounded in the physics.

22

dσ = |M|2
F dQ



• Assume a particular process (e.g. t-channel single top). The probability to 
observe a particular configuration of jets and leptons given that process is 
proportional to the differential cross section of that process for such an 
configuration.

• Can determine the probability of an observed configuration assuming (given) 
signal and its probability assuming (given) background.

• Bayes’ rule:

Jovan MitrevskiSCIPP Seminar - 12 Dec. 2006

The Main Idea of the Matrix Element Method

23

P (config | process) ∼ dσprocess

d(config)

P (signal | config) =
P (config | signal) P (signal)

P (config | signal)P (signal) + P (config | back)P (back)
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The Matrix Element Analysis

24

• Being more explicit:

where

• y:  the parton-level information • x:  the reconstructed information

• F:  the flux factor • f1 and f2: the two PDFs

• TF: the transfer function, relating parton and reconstructed information. 

dσ

dx
∼

∑

iperm

∫
dny

|M(y, i)|2

F (y)
f1(y)f2(y)TF(y, x, i)
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∑
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The Transfer Functions

• We measure reconstructed values, but the Matrix Element uses parton values.
➡ Transfer Functions

• We assume:

• can use per-object transfer functions

• the angles are perfectly measured

• For jets, we use a double Gaussian form parameterized in energy in η bins. 
There are separate parameterizations for light, b, and b(→μ) jets jets.

• For electrons, we use a single Gaussian parameterized in energy and η.

• For muons we use a single Gaussian parameterized in (q/pT), η, and if there 
are silicon tracker hits.
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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 (cont.)
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B-Tagging

• Another feature that I view as part of the transfer function is the assignment of 
jets to partons. We sum all possible assignments.

• If we do not have extra information, we weigh each permutation equally:

• However, if we do have one b-tagged jet, and we are calculating the t-channel 
cross-section, where we are using diagrams of the type b u → e+ νe b d, we 
can do better:

• The extension to 3 jets is straightforward.

27

dσ = 0.5dσ(j1 → q1, j2 → q2) + 0.5dσ(j2 → q1, j1 → q2)

dσ = εb(jtag)[1− εl(juntag)]dσ(jtag → b, juntag → d)

+[1− εb(juntag)]εl(jtag)dσ(juntag → b, jtag → d)
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Muon Charge

• The s-channel, which has a b-jet and a b-jet as 
the two jets, can benefit from b-tagging since 
the tagging efficiency depends on η and pT.

• But maybe if a b-quark decays leptonically we 
can use the muon charge:

• all good: b→μ-ν̄c  b̄→μ+νc̄
• but also:   b→xx̄c→μ+ν̄s   b̄→xx̄c̄→μ-νs̄

• Use pTrel, or the pT of the muon relative to the 
jet. Muons from charm quarks are expected to 
have a lower pTrel. Do the same as for b-tagging.

• It will be used in the next round.

28
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The Details

• We are using MadEvent LO matrix elements, and CTEQ6L1 pdfs.

• We look at events with 2 and 3 jets. 

• The Matrix Elements we now use are:

• Signal: s-channel or t-channel single-top

• Background: Wbb, Wcg, and Wgg (2 jets); Wbbg (3 jets)

• Major upgrade under way: tt̄ matrix elements.

• Also adding extra 3 jet W+jets and signal matrix elements.

29

P (x|B) = wWbbP (x|Wbb) + wWcgP (x|Wcg) + wWggP (x|Wgg)
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s-Channel Discriminant Plots, 2 Jets
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t-Channel Discriminant Plots, 2 Jets
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6. OBSERVED RESULTS

This section presents the matrix element results obtained using the ∼1 fb−1 data set.
Figures 20 and 21 show the tb and tqb discriminants for the combined e,µ / 1,2 tags

events for two-jet and three-jet events where the data distributions may be compared to the
background model. The SM prediction for single top quark production has been added to
the background sum in the plots. The individual channel plots for the 1D discriminants are
shown in Appendix B.
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FIG. 20: Discriminant plots for the e+µ channel with two jets and ≥ 1 b tag. Upper row: tb discriminant; lower row:
tq discriminant. Left column: full output range; right column: close-up of the high end of the distributions.
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FIG. 21: Discriminant plots for the e+µ channel with three jets and ≥ 1 b tag. Upper row: tb discriminant; lower
row: tq discriminant. Left column: full output range; right column: close-up of the high end of the distributions.
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Discriminant Results, 2 Jets
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Discriminant Results, 3 Jets
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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

34

• We have two types of 
systematics: overall 
normalization and shape-
changing.

• Currently, we treat the jet 
energy scale and the tag 
rate function systematics 
as shape-changing 
systematics, everything 
else is flat.
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• We build a 2-D histogram of s-channel vs t-channel discriminant and run our 
Bayesian limit setting framework to determine the posterior. We can require 
the SM ratio, σt/σs = 2.25, or in future updates, not.
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Expected Sensitivity
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MC Ensemble Test Results
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σinput = 2.75 × σSM

DØ Run II Preliminary           
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Observed Results (Matrix Element)
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Observed Results (Preliminary Evidence!)
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Decision Trees - p-value

A 3.4σ excess!!

Dugan O’Neil (SFU) First Evidence for Single Top Dec. 8, 2006 50 / 69



Consistent with SM?

Dugan O’Neil (SFU) First Evidence for Single Top Dec. 8, 2006 51 / 69

Consistent with SM?

SM compatibility = 21%

Dugan O’Neil (SFU) First Evidence for Single Top Dec. 8, 2006 44 / 69
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Observed Results

39

-5 0 5 10 15

 DØ Run II Preliminary                                0.9 fb-1

σ(pp_ → tb+tqb) [pb]
-5 0 5 10 15

Decision trees

Matrix elements

Bayesian NNs

Z. Sullivan PRD 70, 114012 (2004), mt = 175 GeV

4.9 +1.4
-1.5 pb

4.6 +1.8
-1.5 pb

5.0 +1.9
-2.0 pb

ME

DT



Jovan MitrevskiSCIPP Seminar - 12 Dec. 2006

Summary / Outlook
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• Preliminary first evidence for single-top production!

• The matrix element method is being updated with the addition of tt̄ matrix 
elements and other improvements. 

• An extra ~100 pb-1 of data will probably be added soon.

• In the longer term, the Tevatron is gathering new data as we speak. By the 
end or Run IIb, it is on track to have delivered 7-8 fb-1. 

• Run IIb has improvements that will help the physics.

• The new Silicon Tracker Layer 0 will improve b-tagging.

• Upgraded trigger will ensure we can keep triggering on the data we need.

• At the LHC the cross section is two orders of magnitude greater.

• The excitement is just beginning!
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Estimating the Multijet Background Yield

• The multijet background yield is estimated by solving the following system 
equations for the real and fake lepton yields:

• Nloose is the data yield with a “loose” lepton ID. 

• Ntight is the data yield with a “tight” lepton ID.

• εreal-l is the probability of a real lepton to pass the
tight requirements given it has passed the loose.
It is measured in MC, with a data/MC scale
factor measured in Z→l+l- events.

• εfake-l is the probability of a “fake” lepton to pass the tight requirements given 
it has passed the loose. It is measured in data with the standard selections 
but missing ET < 10 GeV.
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6.2. W+Jets and Multijet Backgrounds

The multijet background is modeled using a dataset defined to contain fake-lepton events,
as described at the end of Section 4. This dataset provides the shape for the multijet
background component in each analysis channel.

We normalize the W+jets and multijet backgrounds to data before tagging using the
matrix method [49] as in previous analyses. It lets us estimate how many events in the
preselected samples contain a fake lepton (originating from QCD-multijet production) and
how many events have a real isolated lepton (like the ones originating from W+jets or tt̄).
Two data samples are defined: the tight sample, which is the signal sample after all selection
cuts have been applied; and the loose sample, where the same selection has been applied
but requiring only loose lepton isolation, thus omitting the tight requirements in the lepton
isolation.

The tight data sample, with Ntight events, is a subset of the loose data sample with Nloose

events. The loose sample contains N real−!
loose events with a real lepton (signal-like events, mostly

W+jets and tt̄) and N fake−!
loose fake lepton events, which is the number of QCD events in the

loose sample. We measure the efficiency for a real isolated lepton to pass the tight lepton
isolation selection and call it εreal−!; and the efficiency for a fake lepton to pass the tight
lepton isolation criteria, εfake−!. The details of how these efficiencies are calculated can be
found in Appendix 2.

With these definitions, the matrix method is applied by using these two equations:

Nloose = N fake−!
loose + N real−!

loose

Ntight = N fake−!
tight + N real−!

tight = εfake−! N fake−!
loose + εreal−! N real−!

loose

to solve for N fake−!
loose and N real−!

loose so that the QCD and the W -like contributions in the tight
sample N fake−!

tight and N real−!
tight can be determined.

The results of the matrix method, which we apply separately in each jet multiplicity bin,
are shown in Table 5. The pretagged orthogonal data sample is scaled to N fake−!

tight and the

W+jets MC samples (Wbb̄+Wcc̄+Wjj) are scaled to N real−!
tight , after subtracting the expected

tt̄ events in each bin of the tight sample.

Normalization of W+Jets and Multijets to Data

Electron Channel Muon Channel

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

Nloose 38,935 15,213 7,118 2,191 654 18,714 7,092 3,054 878 221

Ntight 27,370 8,220 3,075 874 223 17,816 6,432 2,590 727 173

N fake−e
tight 1,691 1,433 860 256 86 498 329 223 56 10

N real−e
tight 25,679 6,787 2,215 618 137 17,319 6,105 2,369 669 162

εreal−e 0.87 0.87 0.87 0.87 0.87 0.99 0.99 0.99 0.96 0.88

εfake−e 0.18 0.19 0.19 0.17 0.17 0.41 0.36 0.34 0.31 0.25

TABLE 5: Matrix method yields in the electron and muon channels: the loose and tight selected events, and the
expected contribution from multijet and W -like events.

Once the overall W+jets yield is normalized to data, the relative fraction of heavy flavor
production Wbb̄ and Wcc̄ to Wjj must be properly determined to account for the next-to-
leading corrections that we know are important in these physics processes [50–52]. We have
measured in data a relative scale factor of 1.5±0.5 for the Wbb̄ and Wcc̄ contributions. The
prescription we have used is explained in Appendix 3 in more detail.
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Loose vs. Tight
loose electron: isolation EM fraction,

shower shape, track match.
tight electron: loose + likelihood
loose muon: “medium” muon with

cosmic veto, Δr(jet, muon) > 0.5
tight muon: loose + track isolation
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Yields Before b-Tagging

• For all MC, apply:

• Cross section weights (including heavy flavor corrections)

• Trigger weights: the trigger efficiency for such an event measured in data.

• object ID weights: correction factors to take into account differences in data 
and MC object reconstruction efficiency.

• Create an orthogonal sample by reversing the tight lepton criteria, and 
normalize it to Ntightfake-l. This is the multijet sample.

• From Ntightreal-l, subtract the tt̄ yield. Scale the W+jets MC sample to this 
amount. This is the W sample.
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The Matrix Method

• The multijet background yield is estimated by solving the following equations:

• Measure εfake-l on data using the same selection except missing ET < 10 GeV

• Measure εreal-l in three steps:

• Measure εMCreal-l using MC truth and                                                                     
the analysis selection criteria

• Measure εZ-datareal-l / εZ-MCreal-l using                                                                       
the EM-ID or Muon ID tools

•  
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6.2. W+Jets and Multijet Backgrounds
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TABLE 5: Matrix method yields in the electron and muon channels: the loose and tight selected events, and the
expected contribution from multijet and W -like events.

Once the overall W+jets yield is normalized to data, the relative fraction of heavy flavor
production Wbb̄ and Wcc̄ to Wjj must be properly determined to account for the next-to-
leading corrections that we know are important in these physics processes [50–52]. We have
measured in data a relative scale factor of 1.5±0.5 for the Wbb̄ and Wcc̄ contributions. The
prescription we have used is explained in Appendix 3 in more detail.
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εreal−l = εZ−data
real−l

εZ−MC
real−l

εMC
real−l

APPENDIX 2 — LEPTON ISOLATION PROBABILITIES

Normalization of the W+jets and multijet backgrounds to data is performed using the matrix
method as explained in Section 6.2. To determine the separate contributions from signal-like
real-lepton events and background fake-lepton events in our data, we rely on the measurement
of two probabilities, εreal−! and εfake−!.

εreal−! is the probability for a real lepton to pass the isolation requirements. It is obtained
using a Z→ee sample for the electrons and Z→µµ sample for the muons, one of the leptons
is “tagged” as tight, then the εreal−! is calculated measuring the probability of the other
“probe” lepton to pass the tight selection cut.

The pT and η dependence for the electron case is shown in Fig. 11. The pT and jet
multiplicity dependence in the muon case is shown in Fig. 12. The average values for εfake−e

and εfake−µ as a function of the jet multiplicity are given in Table 19. The overall uncertainty
for εfake−! is 1% statistical and 2% systematic.

FIG. 11: Transverse momentum and detector pseudorapidity dependence of εreal−e.

FIG. 12: Transverse momentum and jet multiplicity dependence of εreal−µ.

Real-Lepton Probabilities

No. of jets εreal−e εreal−µ

1 (87.3 ± 2.1)% (99.1 ± 2.2)%

2 (87.4 ± 2.1)% (98.9 ± 2.2)%

3 (87.4 ± 2.1)% (98.7 ± 2.2)%

4 (87.5 ± 2.1)% (96.1 ± 2.1)%

TABLE 19: Average values for εreal−! in the
electron and muon samples for different jet
multiplicities.
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8. EVENT YIELDS

We use the term “yield” to mean the number of events of the signal or background in question
predicted to be in the nearly 1 fb−1 of data analyzed here. Tables 7, 8, 9, and 10 show these
yields for all signals and backgrounds separated by lepton flavor and jet multiplicity within
each table, and by the numbers of b-tagged jets between the tables. Because the W+jets and
multijet backgrounds are normalized to data before tagging, the sum of the backgrounds is
defined to equal the number of events observed in the data, as seen in the first table. Note
also that the yield values shown in these tables have been rounded to integers for clarity,
so that the sums of the components will not always equal exactly the values given for these
sums. All calculations however have been done with full-precision values.

Yields Before b-Tagging

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 4 14 7 2 0 3 10 5 1 0

tqb 9 27 14 5 1 6 20 11 3 1

tb+tqb 14 41 21 6 2 9 31 16 5 1

Backgrounds

tt̄→ll 9 35 28 10 4 5 27 22 8 3

tt̄→l+jets 2 26 103 128 67 1 14 71 99 43

Wbb̄ 659 358 149 42 5 431 312 161 47 10

Wcc̄ 1,592 931 389 93 10 1,405 1,028 523 131 21

Wjj 23,417 5,437 1,546 343 51 15,476 4,723 1,591 385 85

Multijets 1,691 1,433 860 256 86 498 329 223 58 10

Background Sum 27,370 8,220 3,075 874 223 17,816 6,434 2,592 727 172

Data 27,370 8,220 3,075 874 223 17,816 6,432 2,590 727 173

TABLE 7: Yields after selection and before b tagging.

Yields with Zero 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 3 5 2 1 0 1 4 2 1 0

tqb 6 16 7 2 1 4 11 6 2 0

tb+tqb 9 21 10 3 1 5 15 7 2 1

Backgrounds

tt̄→ll 5 14 11 4 1 3 10 8 3 1

tt̄→l+jets 2 13 43 47 24 1 7 28 35 15

Wbb̄ 471 222 92 27 3 300 187 97 28 6

Wcc̄ 1,511 856 352 84 9 1,341 953 475 117 19

Wjj 23,242 5,376 1,526 338 50 15,351 4,665 1,569 379 84

Multijets 1,655 1,365 808 236 78 481 302 198 49 7

Background Sum 26,886 7,845 2,832 735 165 17,476 6,124 2,375 610 131

Data 26,925 7,833 2,831 752 178 17,527 6,122 2,378 599 125

TABLE 8: Yields after selection for events with no b-tagged jets.
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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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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.

22

Jovan MitrevskiSCIPP Seminar - 12 Dec. 2006

Yields
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CDF’s DPF Results, shown by Bernd Stelzer
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Compatibility of the New Results

• Performed common pseudo-experiments

– Fitting EPD and LF discriminants

– Correlation among fit results: ~53%

– 6% of the pseudo-experiments had a

difference in fit results at least as bad as

the difference observed in data

• The results we observe in the data are

compatible at the ~6% level

Compatibility of the two new results?



APPENDIX 3 — SCALING THE W+JETS HEAVY FLAVOR
FRACTION

The alpgen leading order cross section calculations for Wbb̄, Wcc̄, and Wjj have sizeable
uncertainties and are very sensitive to the renormalization and factorization scales. In
previous analyses, we used MCFM [60] with the same alpgen parton level cuts to estimate
the NLO cross sections of Wbb̄ and Wjj, set the relative fraction of Wbb̄ and Wjj based on
these numbers, and then normalized the overall W+jets sample to data based on the matrix
method results. That gave us the best estimate, with uncertaintiess, of what fraction of
events in the W+jets sample had heavy flavor jets. With the new matched alpgen samples,
alpgen is actually run with no parton level cuts since the matching scheme takes care of
avoiding divergences by clustering partons into parton-jets with certain cuts (pT > 8 GeV
and ∆R > 0.4). For a description of the matching scheme, and the details of our production
samples, see Ref. [61]. Since MCFM and matched alpgen do not agree in the LO cross
section, it is difficult to use the MCFM NLO cross section to scale our alpgen generated
samples.

We have used our data to measure the heavy flavor ratio in the form of a scale factor α
such that:

α(Wbb̄ + Wcc̄) + Wjj + tt̄ + QCD = Data,

where Wbb̄ and Wcc̄ are the yields as given by the alpgen cross section. However, we
cannot normalize the background to the data in the signal region, so we have chosen a factor
1.5, and assigned a 30% uncertainty to it, based on the results shown in Table 21 for the
first jet bin.

Scale Factor α to Match Heavy Flavor Fraction to Data

1 jet 2 jets 3 jets 4 jets

Electron Channel

0 tags 1.53 ± 0.10 1.48 ± 0.10 1.50 ± 0.20 1.72 ± 0.40

1 tag 1.29 ± 0.10 1.58 ± 0.10 1.40 ± 0.20 0.69 ± 0.60

2 tags — 1.71 ± 0.40 2.92 ± 1.20 -2.91 ± 3.50

Muon Channel

0 tags 1.54 ± 0.10 1.50 ± 0.10 1.52 ± 0.10 1.38 ± 0.20

1 tag 1.11 ± 0.10 1.52 ± 0.10 1.32 ± 0.20 1.86 ± 0.50

2 tags — 1.40 ± 0.40 2.46 ± 0.90 3.78 ± 2.80

TABLE 21: Scale factor α for the Wbb̄ and Wcc̄ yields to match the data in each
jet bin, for 0 tag, 1 tag, and 2 tag samples. The uncertainties are statistical only.
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Measuring Heavy Flavor Fraction in Data
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Background Sample Optimization

• Different W+jets backgrounds have different processes, so ideally, for P(x|B) 
we would use a background model that well describes the data. Alternately, 
we can treat it as optimization:

We optimized the discriminator by assigning different weights:

48

P (x|B) = wWbbP (x|Wbb) + wWcgP (x|Wcg) + wWggP (x|Wgg)

weight per 
background

wbb wcb wgg

Electron 1tag 0.2 0.4 0.4

Electron 2tag 0.67 0 0.33

Muon 1tag 0.4 0.4 0.2

Muon 2tag 1 0 0
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FIG. 12: “Hard W+jets” cross-check plots in two-jet events for the tb discriminant (upper row) and the tq discriminant
(lower row). The left column shows the full discriminant region while the right column shows the high discriminant
region above 0.7.

tb Discriminant

0 0.5 10

5

10

15

20

25

 w/ =3 Jets and Tags Combinedµtb Discriminant - Ht > 300: e+

KS: 0.969 Data
tb
tqb
Wbb
wcc
Wjj
QCD

 ll! tt
 l+jets! tt

 w/ =3 Jets and Tags Combinedµtb Discriminant - Ht > 300: e+

tb Discriminant

0.7 0.8 0.9 10

2

4

6

8

10

12

14

16

18
 w/ =3 Jets and Tags Combinedµtb Discriminant - Ht > 300: e+

KS: 1

 w/ =3 Jets and Tags Combinedµtb Discriminant - Ht > 300: e+

tq Discriminant
0 0.5 10

5

10

15

20

25

30

35

 w/ =3 Jets and Tags Combinedµtq Discriminant - Ht > 300: e+

KS: 0.997 Data
tb
tqb
Wbb
wcc
Wjj
QCD

 ll! tt
 l+jets! tt

 w/ =3 Jets and Tags Combinedµtq Discriminant - Ht > 300: e+

tq Discriminant
0.7 0.8 0.9 10

1

2

3

4

5

6

7

8

9
 w/ =3 Jets and Tags Combinedµtq Discriminant - Ht > 300: e+

KS: 0.876

 w/ =3 Jets and Tags Combinedµtq Discriminant - Ht > 300: e+

FIG. 13: “Hard W+jets” cross-check plots in three-jet events for the tb discriminant (upper row) and the tq
discriminant (lower row). The left column shows the full discriminant region while the right column shows the
high discriminant region above 0.7.
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FIG. 10: “Soft W+jets” cross-check plots in two-jet events for the tb discriminant (upper row) and the tq discriminant
(lower row). The left column shows the full discriminant region while the right column shows the high discriminant
region above 0.7.
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FIG. 11: “Soft W+jets” cross-check plots in three-jet events for the tb discriminant (upper row) and the tq
discriminant (lower row). The left column shows the full discriminant region while the right column shows the
high discriminant region above 0.7.
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