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Motivation for Top Physics
• Top is the heaviest SM fermion!

o may play an unusual role in EWSB 
or a special role in new physics!

• Production is a precision test of QCD 
and EW theories!
o discrepancy may point to NP 

especially if it couples to mass!
• Is top a SM quark?!

o pair production QCD!
o single top EW!
o measurement of properties, mass, 

and couplings testable in 
production and decay!

• Top mass (cf talk by K-J Grahn)!
o prime interest for testing SM
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Outline
• Top pair cross sections!

o hadronic, semi-leptonic, dileptonic channels!
o comparison to standard model (QCD) calculations!

• Top pair production Charge Asymmetry!
o Tevatron and LHC!

• Single Top production!
o t-channel review!
o s-channel evidence from the Tevatron!
o tW production observation at the LHC
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Top Pair Cross Section
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• SM Production!
o gluon fusion!
o qq annihilation!

• SM cross sections (NNLO+NNLL)!
o Tevatron pp-bar 1.96 TeV!

• 1.96 TeV σ=7.16+0.11-0.20+0.17-0.12 pb!
o LHC pp!

• 7 TeV      σ =172+4.4-5.8+4.7-4.8 pb  !
• 8 TeV      σ =246+6.2-8.4+6.2-6.4 pb!
• 14 TeV    σ =954+23-34+16-18 pb!

• SM Decay!
o Expect ~100% t➔Wb (|Vtb|~1)!
o tt channels characterized by W decays!

• dilepton: tt➔W+bW-b➔ℓ+νbℓ-νb!
• lepton+jets: tt➔ℓνbqiqjb!

• Gluon fusion (dominant at LHC)

• Quark-antiquark annihilation

• Total cross section at 7 TeV:
o NLO (MCFM)
o approx. NNLO

• Kidonakis, PRD 82 (2010) 114030

• Langenfeld, Moch, Uwer, PRD80 (2009) 054009; 
• Aliev et al., CPC182 (2011) 1034

Top quark pair production

14/06/2011 4Frank,Peter0Schilling00, CMS0Top0Physics
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• Gluon fusion (dominant at LHC)

• Quark-antiquark annihilation

• Total cross section at 7 TeV:
o NLO (MCFM)
o approx. NNLO

• Kidonakis, PRD 82 (2010) 114030

• Langenfeld, Moch, Uwer, PRD80 (2009) 054009; 
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Tevatron Combination

• Six analyses in three channels!
o Dilepton, Lepton+jets, All-jets!
o kinematic selection + b-tagging!

• Best Linear Unbiased Estimate !
o correlations included!
o experiments are first combined 

individually then jointly!
o BLUE gives weight ratio of 60:40!

• mt dependence given!
• 25% improvement possible !

o Additional data to be analyzed!
o luminosity uncertainty via Z/γ*
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TABLE IV: CDF and D0 measurements of σtt̄ and their combination (in pb), with individual contributions to their uncertainties
(in pb). Correlation indicates whether a given uncertainty is treated as fully correlated between the CDF and D0 measurements.

CDF D0 Tevatron
Central value of σt̄t 7.63 7.56 7.60
Sources of systematic uncertainty Correlation
Modeling of the detector 0.17 0.22 NO 0.13
Modeling of signal 0.21 0.13 YES 0.18
Modeling of jets 0.21 0.11 NO 0.13
Method of extracting σtt̄ 0.01 0.07 NO 0.03
Background modeled from theory 0.10 0.08 YES 0.10
Background based on data 0.08 0.06 NO 0.05
Normalization of Z/γ∗ prediction 0.13 – NO 0.08
Luminosity: inelastic pp̄ cross section 0.05 0.30 YES 0.15
Luminosity: detector 0.06 0.35 NO 0.14
Total systematic uncertainty 0.39 0.56 0.36
Statistical uncertainty 0.31 0.20 0.20
Total uncertainty 0.50 0.59 0.41

=1.96 TeVs cross section (pb) at t t→ pp

CDF dilepton -18.8 fb 0.83± 7.09 
 0.67± 0.49 ±         

CDF ANN lepton+jets -14.6 fb 0.56± 7.82 
 0.41± 0.38 ±         

CDF SVX lepton+jets -14.6 fb 0.71± 7.32 
 0.61± 0.36 ±         

CDF all-jets -12.9 fb 1.28± 7.21 
 1.18± 0.50 ±         

CDF combined  0.50± 7.63 
 0.39± 0.31 ±         

DØ dilepton -15.4 fb 0.85± 7.36 

DØ lepton+jets -15.3 fb 0.74± 7.90 

DØ combined  0.59± 7.56 
 0.56± 0.20 ±         

Tevatron combined
 = 172.5 GeVtm

 0.41± 7.60 
 0.36± 0.20 ±         

=1.96 TeVs cross section (pb) at t t→ pp
6 7 8 9

Tevatron Run II

FIG. 1: (color online). The six input σtt̄ measurements from the CDF and D0 experiments, along with the CDF-only and
D0-only combination results, and their combination for the Tevatron result. The total uncertainty, as well as the statistical
and systematic uncertainties are shown. The D0 dilepton and ℓ+jets measurements using constrained nuisance parameters are
presented in their published form indicating only their total uncertainties. The inner (red) bars reflect statistical uncertainties
while the outer (blue) bars show the total uncertainties on each measurement.

CDF dilepton PRD 88, 091103(2013) 
CDF lepton+jets PRL 105, 012011(2010) 
CDF all jets PRD 81, 052011 (2010) 
DØ dilepton/lepton+jets PLB 74, 403 (2011)

5.4% measurement in agreement with!
σNNLO=7.35+0.28-0.33 pb (mt=172.5 GeV)

New
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LHC 7 TeV Compilation
• pair production 

seen in many 
channels!

• σtt in good 
agreement with 
NNLO QCD!

• no surprise in tau 
channels!

• Analyses have 
evolved with 
added luminosity & 
techniques
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 [pb]ttσ
50 100 150 200 250 300 350

(*) Superseded by results shown below the line

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

 = 172.5 GeV
top

NNLO+NNLL (top++ 2.0), PDF4LHC m stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± 
tt

σ

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 

ATLAS, dilepton -1=0.7 fbintL pb-  7
+ 8  -  11

+ 14 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 

ATLAS combined -1=0.7-1.0 fbintL 7 pb± -  7
+ 8 3 ±177 

CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 

CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 

CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 

CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 

LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 

+lhadτATLAS, -1=2.1 fbintL 7 pb± 20 ± 13 ±186 

+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb± -  57
+ 60 12 ±168 

CMS, l+jets -1=2.2-2.3 fbintL 4 pb± 10 ± 2 ±158 

CMS, dilepton -1=2.3 fbintL 4 pb± 5 ± 2 ±162 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 

+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 

 = 7 TeV   TOPLHCWGs summary, ttσATLAS+CMS Preliminary   
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Figure 3 shows the distributions of M``, ET/ and the difference of the azimuthal angle between
the two selected leptons (Df``) and their ratios to expectations for the e±µ⌥ channel, which
dominates the combination.
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Figure 3: Distributions of (upper left) the dilepton invariant-mass, (upper right) the ET/ , and
(lower) the difference of the azimuthal angle between the two selected leptons, after the b-jet
multiplicity selection and for the e±µ⌥ channel. For the first two plots the last bin contains
the overflow events. The expected distributions for tt signal, in this case, are normalised to
the measured tt cross section. The hatched bands correspond to the total uncertainty in the
predicted event yields for the sum of the tt and background predictions. The ratios of data to
the sum of the expected yields are given at the bottom.

7 Summary

A measurement of the tt production cross section in proton-proton collisions at
p

s = 8 TeV
is presented for events containing a lepton pair (e+e�, µ+µ�, e±µ⌥), at least two jets with at
least one tagged as b jet, and a large imbalance in transverse momentum in the final state.
The measurement is obtained through an event-counting analysis based on a data sample
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7 Summary

A measurement of the tt production cross section in proton-proton collisions at
p

s = 8 TeV
is presented for events containing a lepton pair (e+e�, µ+µ�, e±µ⌥), at least two jets with at
least one tagged as b jet, and a large imbalance in transverse momentum in the final state.
The measurement is obtained through an event-counting analysis based on a data sample

CMS 8 TeV σtt dilepton channel 
• counting experiment!
• eμ,ee,μμ channels!
• high purity selection!

o isolated leptons pT>20 GeV!
o ≥ 1 b-tagged jet!
o missing ET>40 for ee & μμ!

• Backgrounds from data (except: VV)
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8 7 Summary

corresponding to 5.3 fb�1. The result obtained by combining the three final states is stt =
239± 2 (stat.)± 11 (syst.)± 6 (lum.) pb, in agreement with the prediction of the standard model
for a top-quark mass of 172.5 GeV.

Table 2: Number of dilepton events after applying the event selection and requiring at least one
b jet. The results are given for the individual sources of background, tt signal with a top-quark
mass of 172.5 GeV and stt = 252.9 pb, and data. The uncertainties correspond to the statistical
and systematic components added in quadrature.

Number of events
Source e+e� µ+µ� e±µ⌥

Drell–Yan 386±116 492±148 194±58
Non-W/Z leptons 25±10 114±46 185±72
Single top quark 127±28 157±34 413±88
VV 30±8 39±10 94±21
Total background 569±120 802±159 886±130
tt dilepton signal 2728±182 3630±250 9624±504
Data 3204 4180 9982

Table 3: The total efficiencies etotal, i.e. the products of event acceptance, selection efficiency and
branching fraction for the respective tt final states, as estimated from simulation for a top-quark
mass of 172.5 GeV, and the measured tt production cross sections, where the uncertainties are
from statistical, systematic and integrated luminosity components, respectively.

e+e� µ+µ� e±µ⌥

etotal (%) 0.203 ± 0.012 0.270 ± 0.017 0.717 ± 0.033
stt (pb) 244.3 ± 5.2 ± 18.6 ± 6.4 235.3 ± 4.5 ± 18.6 ± 6.1 239.0 ± 2.6 ± 11.4 ± 6.2

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully ac-
knowledge the computing centres and personnel of the Worldwide LHC Computing Grid for
delivering so effectively the computing infrastructure essential to our analyses. Finally, we ac-
knowledge the enduring support for the construction and operation of the LHC and the CMS
detector provided by the following funding agencies: BMWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,
MoST, and NSFC (China); COLCIENCIAS (Colombia); MSES and CSF (Croatia); RPF (Cyprus);
MoER, SF0690030s09 and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA
and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece); OTKA and NIH
(Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); NRF and WCU
(Republic of Korea); LAS (Lithuania); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mex-
ico); MBIE (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR
(Dubna); MON, RosAtom, RAS and RFBR (Russia); MESTD (Serbia); SEIDI and CPAN (Spain);
Swiss Funding Agencies (Switzerland); NSC (Taipei); ThEPCenter, IPST, STAR and NSTDA
(Thailand); TUBITAK and TAEK (Turkey); NASU (Ukraine); STFC (United Kingdom); DOE
and NSF (USA).

Individuals have received support from the Marie-Curie programme and the European Re-
search Council and EPLANET (European Union); the Leventis Foundation; the A. P. Sloan

arXiv:1312.7582 to appear in JHEP

σtt=239 ± 2 (stat) ±11 (syst) ± 6 (lumi) pb

NNLO+NNLL: σtt=253+6.4-8.6(Q2 scale)±11.7 (pdf+αS) pb

New



19 Jan 2014 Aspen Top Cross Sections & Asymmetries - Karl.Ecklund@rice.edu

CMS 8 TeV σtt dilepton channel 
• counting experiment!
• eμ,ee,μμ channels!
• high purity selection!

o isolated leptons pT>20 GeV!
o ≥ 1 b-tagged jet!
o missing ET>40 for ee & μμ!

• Backgrounds from data (except: VV)
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6 6 Results

section from the different sources.

Table 1: Summary of the individual contributions to the systematic uncertainty on the stt mea-
surement. The uncertainties are given in pb. The statistical uncertainty on the result is given
for comparison.

Source e+e� µ+µ� e±µ⌥

Trigger efficiencies 4.1 3.0 3.6
Lepton efficiencies 5.8 5.6 4.0
Lepton energy scale 0.6 0.3 0.2
Jet energy scale 10.3 10.8 5.2
Jet energy resolution 3.2 4.0 3.0
b-jet tagging 1.9 1.9 1.7
Pileup 1.7 1.5 2.0
Scale (µF and µR) 5.7 5.5 5.6
Matching partons to showers 3.9 3.8 3.8
Single top quark 2.6 2.4 2.3
VV 0.7 0.7 0.5
Drell–Yan 10.8 10.3 1.5
Non-W/Z leptons 0.9 3.2 1.9
Total systematic 18.6 18.6 11.4
Integrated luminosity 6.4 6.1 6.2
Statistical 5.2 4.5 2.6

6 Results

The tt production cross section is measured by counting events after applying the selection
criteria described in section 3. Table 2 shows the total number of events observed in data and
the number of signal and background events expected from simulation or estimates from data.
Table 3 lists the mean acceptance (which contains contributions from W ! tnt, with leptonic
t decays) multiplied by the selection efficiency and the branching fraction in the dilepton final
state, and the measured cross section for each of the three final states, e+e�, µ+µ�, and e±µ⌥,
which give compatible results. The e+e� and µ+µ� channels have two additional sources of
uncertainty, arising from the DY background estimation and from the propagation of the JES
to the ET/ estimation, which limit the precision of the measurement of stt in those final states.

A combination of the three final states using the BLUE method [37] yields a measured cross
section of stt = 239.0± 2.1 (stat.)± 11.3 (syst.)± 6.2 (lum.) pb for a top-quark mass of 172.5 GeV.
In the combination, the systematic uncertainties are 100% correlated across channels, except
those associated to the lepton efficiencies, which have a correlation coefficient of 0.64 for e+e�
with e±µ⌥ and 0.55 for µ+µ� with e±µ⌥. Finally, the uncertainties associated with the data-
based estimates and the statistical uncertainties are taken as uncorrelated.

In this analysis the dependence of the acceptance on the top-quark mass is found to be quadratic
within the present uncertainty of the top-quark mass [38]. The cross-section dependence in the
range 160–185 GeV can be parametrized as

stt/stt (mt = 172.5) = 1.00 � 0.009 ⇥ (mt � 172.5)� 0.000168 ⇥ (mt � 172.5)2 (1)

where mt is given in GeV. Assuming a top-quark mass value of 173.2 GeV [38], a cross section
value stt = 237.5 ± 13.1 pb is obtained.

Uncertainties

Leading sources: JES, simulation q2 scale

New
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ATLAS 8 TeV eμ 20 fb-1

• Candidate selection!
o eμ only (lowest DY bkgd)!
o isolated leptons pT>25 GeV!
o 1 or 2 b-tagged jets !
o in situ b-tag efficiency extraction!

• backgrounds from simulation & data
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ATLAS-CONF-2013-097

σtt=237.7 ± 1.7 (stat) ± 7.4 (syst) ± 7.4 (lumi) ± 7.4 (Ebeam) pb [4.8%]
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Figure 1: Distributions of (a) the number of b-tagged jets, and (b) the b-tag weight (also requiring the
event to have at least two jets), in preselected opposite-sign eµ events. The data are shown compared to
the expectation from simulation, broken down into contributions from tt̄, Wt single top, Z+jets, dibosons,
and events with fake electrons or muons, normalised to the same integrated luminosity as the data. The
lower parts of the figure show the ratios of data to the baseline prediction using Powheg+Pythia (PY) for
the tt̄ signal, and the ratios of the predictions with the other tt̄ samples using MC@NLO+Herwig (HW)
and Alpgen+Herwig to the baseline prediction.

(d�tt̄/dNbkg
2 )/(�tt̄/N

bkg
2 ) = �0.004. The fitted cross-section is therefore most sensitive to the systematic

uncertainties on Nbkg
1 , whilst for the b-tagging working point chosen for the analysis, the measurement of

N2 serves mainly to constrain the combined jet reconstruction and b-tagging e�ciency ✏b. As discussed
in Section 6, consistent results were also obtained at di↵erent b-tagging e�ciency working points, that
induce greater sensitivity to the background estimate in the two b-tag sample.

The Wt single top background was estimated from simulation using Powheg+Pythiawith the P2011C
tune, normalised to the approximate NNLO cross-section of 22.37 ± 1.52 pb determined as in Ref. [33].
The diboson background was similarly estimated using Alpgen+Herwig, normalised to the NLO QCD
inclusive cross-section predictions calculated with MCFM [34].

The Z+jets background (with Z ! ⌧⌧ ! eµ) was estimated from simulation using Alpgen+Pythia,
scaled by the ratios of Z ! µµ+jets measured in data and simulation. The ratio was evaluated separately
in the one and two b-tag event bins. This scaling eliminates uncertainties due to the simulation modelling
of jets (especially heavy-flavour jets) produced in association with the Z bosons. The data/simulation
ratios were measured in events with exactly two opposite-sign muons passing the selections given in
Section 3 and one or two b-tagged jets, by fitting the dimuon invariant mass distributions in the range
60–120 GeV and accounting for the backgrounds from tt̄ production and fake leptons. The resulting scale
factors were determined to be 1.43± 0.07 and 1.21± 0.09 for the one and two b-tag backgrounds, where
the systematic uncertainties were derived from a comparison of the Z ! µµ results with those obtained
using the same fit technique in Z ! ee events, which have di↵erent backgrounds.

The background from events with one real and one fake lepton was estimated using a combination
of data and simulation. Simulation studies show that the samples with a same-sign eµ pair and one

5

Event counts N1 N2
Data 21559 11682
Wt single top 2070 ± 220 360 ± 120
Dibosons 120 ± 90 3+6

�3
Z(! ⌧⌧! eµ)+jets 210 ± 10 8 ± 1
Misidentified leptons 240 ± 70 110 ± 60
Total background 2640 ± 250 480 ± 140

Table 1: Observed numbers of opposite-sign eµ events with one and two b-tagged jets (N1 and N2), to-
gether with the estimates of non-tt̄ backgrounds and associated total uncertainties described in Section 5.

selection threshold, and be tagged as a b-jet, is denoted by ✏b. Although this quark is almost always
a b quark, ✏b thus also accounts for the approximately 0.2 % of top quarks that decay to Ws or Wd
rather than Wb, slightly reducing the e↵ective tagging e�ciency. If the decays of the two top quarks
and the subsequent reconstruction of the two b-tagged jets are completely independent, the probability
to tag both b-jets ✏bb is given by ✏bb = ✏b2. In practice, small correlations are present for both kinematic
and instrumental reasons, and these are taken into account via the tagging correlation Cb, defined as
Cb = ✏bb/✏b2, or equivalently Cb = 4Ntt̄

eµNtt̄
2 /(N

tt̄
1 + 2Ntt̄

2 )2, where Ntt̄
eµ is the number of preselected eµ tt̄

events and Ntt̄
1 and Ntt̄

2 are the numbers of events with one and two b-tagged jets. This correlation term
also accounts for the e↵ect on N1 and N2 of the small number of mistagged light quark or gluon jets from
radiation in the tt̄ events. Background from sources other than tt̄ ! eµ⌫⌫bb̄ also contributes to the event
counts N1 and N2, and is given by the background terms Nbkg

1 and Nbkg
2 . The preselection e�ciency ✏eµ

and tagging correlation Cb were taken from tt̄ event simulation, and the background contributions Nbkg
1

and Nbkg
2 were estimated using a combination of simulation and data-based methods, allowing the two

equations (1) to be solved yielding �tt̄ and ✏b.
A total of 66119 events passed the eµ opposite-sign preselection in data. Table 1 shows the number

of events with one and two b-tagged jets, together with the estimates of non-tt̄ background and their
systematic uncertainties discussed in detail below. The sample with one b-tagged jet is expected to be
about 89 % pure in tt̄ events, with the dominant background coming from Wt single top production, and
smaller contributions from events with misidentified leptons, Z+jets and dibosons. The sample with two
b-tagged jets is expected to be about 96% pure in tt̄ events, with Wt production again being the dominant
background.

The distributions of the number of b-tagged jets and the b-tagging weight in opposite-sign eµ events
are shown in Figure 1, and compared to the expectations with several tt̄ simulation samples, normalised
using the theoretical prediction of 252.9 pb for the tt̄ cross-section at

p
s = 8 TeV. Distributions of the

number of jets, the jet pT, and the electron and muon |⌘| and pT are shown for opposite-sign eµ events
with at least one b-tagged jet in Figure 2, with the simulation normalised to the same number of events
as the data. In general, the agreement between data and simulation is good, within the modelling and
instrumental uncertainties of the analysis.

The value of �tt̄ extracted from equation (1) is directly sensitive to the assumed value of ✏eµ, with
(d�tt̄/d✏eµ)/(�tt̄/✏eµ) = �1. The value of ✏eµ was determined from simulation to be about 0.8 %, including
the tt̄ ! eµ⌫⌫bb̄ branching ratio, and uncertainties on ✏eµ translate directly into uncertainties on �tt̄.
Similarly, �tt̄ is directly sensitive to the value of Cb, also determined from simulation, but with the
opposite sign, (d�tt̄/dCb)/(�tt̄/Cb) = 1. The systematic uncertainties on these quantities are discussed
in Section 5.

With the kinematic cuts and b-tagging working point chosen for this analysis, the sensitivities of �tt̄
to the knowledge of the backgrounds Nbkg

1 and Nbkg
2 are given by (d�tt̄/dNbkg

1 )/(�tt̄/N
bkg
1 ) = �0.13 and

4

NNLO+NNLL: σtt=253+6.4-8.6 (Q2 scale)±11.7 (pdf+αS) pb

New
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Top-pair production summary
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Also sensitive to New Physics 
e.g. t-channel exchange of Z’ with flavor changing couplings

Charge Asymmetry in t tbar production

�11

Top Production Charge Asymmetry - 21 July 2011Amanda Deisher - (CMS)

Charge asymmetry in ttbar events

Asymmetric initial state

- top in direction of proton(quark) 

- anti-top in direction of antiproton 

• SM Theory: ~5% [Kühn, Rodrigo]

• CDF measures AC(y) 2σ larger than SM pred.

+3.4σ for Mtt > 450 GeV/c2 

3

AC =
N+ �N�

N+ +N�

Phys. Rev. D 83, 112003 (2011)

Symmetric initial state  

- quark is usually valence (higher p)

- anti-quark is usually a sea quark 

• SM Theory: 1.3% (η) and 1.1% (y) [Kühn, Rodrigo]

• CMS 36 pb-1:  

      AC(η) = 0.060 ± 0.134 (stat) ± 0.026 (syst)

• Today: Update to 1.09 fb-1

�(y2) = (yt � yt) · (yt + yt)

�|⌘| = |⌘t|� |⌘t|�(y) = yt � yt

CMS-PAS-10-010
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• Standard Model: Interference of leading order and box diagram (left) and initial 
and final state radiation diagrams (right) lead to small charge asymmetry in quark-
antiquark annihilation mode

• Beyond standard model:  axigluons, Z’, W’, Kaluza Klein

- New resonances s-channel production in M(tt) not necessarily visible

- Different couplings might lead to changes in their angular distributions

! Charge asymmetry would be sensitive to t- and u-channel exchange

2

Looking for new physics with ttbar
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Looking for new physics with ttbar

Top - Anti Top asymmetries 
from interference of  
LO, box, radiative diagrams

QCD calculations: 
Tevatron AC~5% 
LHC AC~1% (dilution from gg production)

Kuhn & Rodrigo PRL 81, 49 (1998) 
Bernreuther & Si PRD 86, 034026 (2012)

Forward-backward 
Observed by D0 & CDF 
~2σ larger AC than QCD 
CDF more so Mtt>450 GeV

Central-beamward 
Measurements at 7, 8 TeV 
from ATLAS & CMS 

Perhaps new physics? Axigluons? Z’? 
Spurred detailed studies of full data samples 
additional asymmetries using leptons from top decay

Look at (pseudo)rapidity or rapidity difference

�y = yt � yt̄

AC =
N(�|y| > 0)�N(�|y| < 0)
N(�|y| > 0) + N(�|y| < 0)

AFB =
N(�y > 0)�N(�y < 0)
N(�y > 0) + N(�y < 0)

�|y| = |yt|� |yt̄|
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Tevatron t tbar Charge Asymmetry

Significant recent work!
• inclusion of full Run 2 data 

samples!
• new observables!

o lepton charge asymmetry!
o differential distributions!

Tension between QCD and!
experiment has eased but!
not fully resolved.
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Figure 1: Charge asymmetry measurements at the Tevatron (left panel) and the LHC (right

panel). Shown are the inclusive tt̄ asymmetries Ay
C and A|y|

C in lepton+jets and dilepton final
states, as well as the lepton asymmetries A`

C (q⌘, Tevatron) and A``
C (d⌘), defined in Eqs. 8 and

9. SM predictions including scale uncertainties are displayed in gray.

This write-up covers the current theoretical status of the SM prediction for the charge
asymmetry (Section 2), as well as potential contributions of new physics (Section 3). I discuss

the limitations to observe A|y|
C at the LHC and suggest new observables involving an additional

hard jet as an alternative way of measuring the charge asymmetry in proton-proton collisions
(Section 4). I conclude in Section 5 with an outlook and comments on related observables that
allow a more complete picture of the charge asymmetry.

2 Charge asymmetry in the standard model

In QCD, the charge asymmetry is generated at next-to-leading order (NLO) by additional
virtual and real gluon radiation [2], as illustrated in Figure 2. Normalized to the symmetric
cross section, the perturbative expansion of the charge asymmetry reads

AQCD

C =
↵3

s �
(1)

A + ↵4

s �
(2)

A + . . .

↵2

s �
(0)

S + ↵3

s �
(1)

S + ↵4

s �
(2)

S + . . .
. (3)

Currently, the charge-asymmetric piece is known at NLO QCD (�(1)

A ), whereas the symmet-

ric cross section has recently been calculated up to NNLO (�(2)

S ) [3]. The strong remnant
dependence on the factorization and renormalization scales has been significantly reduced by
the resummation of large logarithms close to the partonic threshold [4, 5, 6]. The leading
contribution to AQCD

C is dominated by the lowest-order expansion of the threshold-resummed
cross section, and the asymmetry proves stable under higher-order threshold corrections. The

2

Tevatron Summary from TOP 2013 V.Sharyy
a. PRD 87 092002 (2013) 
b. PRD 84 112005 (2011) 
c. PRD 88 072003 (2013) 
d. PRD 88 112002 (2013)

a

b

c

d

d
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ATLAS AC in l+jet
• 7 TeV (4.7 fb-1)!
• select t tbar events in e/μ+jets 

channel!
o isolated high pT lepton!
o b-tagged jet(s)!
o MET & MT(W) used to suppress multi jets !

• kinematic fit for top solution!
o t tbar likelihood!
o solution for t tbar system!

• unfold to parton level!
• Asymmetries compatible with QCD 

(and zero)
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Figure 1. Reconstructed ! |y| (top left), invariant mass mt øt (top right), transverse momentum
pT ,t øt (centre left), rapidity |yt øt | (centre right) and velocity ! z,t øt (bottom) distributions for the
electron and muon channels combined after requiring at least onebÐtagged jet. Data (dots) and
SM expectations (solid lines) are shown. The uncertainty on the total prediction includes both the
statistical and the systematic components. The overßow is included in the last bin.

level distributions from the measured spectra. This method relies on applying BayesÕ
theorem to the unfolding problem, which can be formulated in the following terms.

Given an observed data spectrumD ! NNr and a migration matrix M ! RNr " RNt

(Nr and Nt are the number of bins in the measured and true spectra respectively) that
takes into account the distortion e" ects mentioned above, the posterior probability density
of the true spectrum T ! RNt follows the probability density

p(T |D , M ) # L (D |T , M ) á" (T )

Ð 8 Ð
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Figure 2. Distributions of AC as a function ofmt øt (top left), pT ,t øt (top right) and |yt øt | (bottom left)
after unfolding, for the electron and muon channels combined. TheAC distribution as a function
of mt øt , after the ! z,t øt > 0.6 requirement, is also shown (bottom right). The AC values after the
unfolding (points) are compared with the SM predictions (green lines) and the predictions for a
colourÐoctet axigluon with a mass of 300 GeV (red lines) and 7000 GeV (blue lines) respectively,
as described in the text. The thickness of the lines represents the factorisation and renormalisation
scale uncertainties on the corresponding theoretical predictions. The values plotted are the average
AC in each bin. The error bars include both the statistical and the systematic uncertainties onAC

values. The bins are the same as the ones reported in tables4 and 7 respectively.

4.2 Measurements for ! z,t øt > 0.6

An additional requirement on the zÐcomponent of thetøtÐsystem velocity! z,tøt > 0.6 is
applied, as explained in section1, for the inclusive and the di! erential " |y| distribution
as a function of mtøt . It has been veriÞed that resolution e! ects on the reconstructed
! z,tøt did not introduce any bias in the measurement. Hence an unfolding of the! z,tøt

distribution was found to be unnecessary. The inclusive asymmetry after this requirement
is AC = 0 .011± 0.018, as reported in the last row of table2, to be compared with the
SM prediction ASM

C = 0 .020+0 .006
! 0.007 [21]. Table 3 (right column) shows the list of systematic

uncertainties a! ecting the measurement before the marginalisation procedure.
Figure 2 (bottom right plot) shows the di ! erential AC measurement as a function of

mtøt , while table 7 shows the value ofAC for the di! erent bins, table 8 lists the system-
atic uncertainties a! ecting the measurement before the marginalisation and table9 shows
the correlation coe# cients among the di! erent bins. These measurements do not deviate

Ð 13 Ð

AC Data Theory
Unfolded 0.006± 0.010 0.0123± 0.0005
Unfolded with mt øt > 600 GeV 0.018± 0.022 0.0175+0 .0005

! 0.0004

Unfolded with ! z,t øt > 0.6 0.011± 0.018 0.020+0 .006
! 0.007

Table 2 Measured inclusive charge asymmetry,AC, values for the electron and muon channels
combined after unfolding without and with the ! z,t øt > 0.6 cut explained in the text. The AC

measurement with a cut on thetøt invariant mass mt øt > 600 GeV is also shown. SM predictions, as
described in the text, are also reported. The quoted uncertainties include statistical and systematic
components after the marginalisation.

Source of systematic uncertainty ! AC

Inclusive mt øt > 600 GeV " z,t øt > 0.6
Lepton reconstruction/identiÞcation < 0.001 0.001 < 0.001
Lepton energy scale and resolution 0.003 0.003 0.003
Jet energy scale and resolution 0.003 0.003 0.005
Missing transverse momentum and pileÐup modelling 0.002 0.002 0.004
MultiÐjets background normalisation < 0.001 0.001 0.001
bÐtagging/misÐtag e! ciency < 0.001 0.001 0.001
Signal modelling < 0.001 < 0.001 < 0.001
Parton shower/hadronisation < 0.001 < 0.001 < 0.001
Monte Carlo statistics 0.002 < 0.001 < 0.001
PDF 0.001 < 0.001 < 0.001
W +jets normalisation and shape 0.002 < 0.001 < 0.001
Statistical uncertainty 0.010 0.021 0.017

Table 3 Systematic uncertainties for the inclusive asymmetry,AC (second column), the asymmetry
for mt øt > 600 GeV(third column) and the inclusive asymmetry, AC, for ! z,t øt > 0.6 (fourth column).
For variations resulting in asymmetric uncertainties, the average absolute deviation from the nom-
inal value is reported. The values reported for each systematic uncertainty are the variation of the
mean of posteriors computed considering 1" variations.

pT ,tøt and |ytøt | compared with the theoretical SM predictions described in [21] and provided
by its authors for the chosen bins. In addition, predictions for two assumed mass values
(300 GeV and 7000 GeV) for a heavy axigluon exchanged in thesÐchannel [12, 13] are
also shown. The masses are chosen taking into account the fact that they would not be
visible as resonances in themtøt spectrum. The parameters of the model are tuned to give
a forwardÐbackward asymmetry compatible with the Tevatron results. The di! erential
distributions and respective asymmetries do not show any signiÞcant deviation from the
SM prediction. The resulting charge asymmetryAC is shown in table 4 for the di! erential
measurements as a function ofmtøt , pT ,tøt and |ytøt |. The systematic uncertainties, computed
before the marginalisation procedure as described above in the crossÐcheck procedure, are
listed in table 5 for each of the di! erential measurements. The correlation matrices for the
statistical uncertainties are shown in table6 for the measurement as a function ofmtøt , pT ,tøt

and |ytøt | respectively.

Ð 12 Ð

New
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CMS AC in l+jet
• 8 TeV (19.7 fb-1)!
• e/μ + jets channel!

o isolated lepton!
o b-tagged jets!

• control backgrounds with fit to 
kinematic distributions: M3, MT(W)!

• top reconstruction & unfolding to 
parton level!

• Results consistent with theory!
o vs m(tt), y(tt), pT(tt)
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Figure 4: Unfolded inclusive ! |y| distribution (upper left), corrected asymmetry as a function
of |ytøt | (upper right), pT,tøt (lower left), and mtøt (lower right). The measured values are compared
to NLO calculations for the SM (1: [9, 33], 2: [34, 35]) and to the predictions of a model featur-
ing an effective axial-vector coupling of the gluon (EAG) [36Ð38]. The inner error bars on the
differential asymmetry values indicate the statistical uncertainties while the outer error bars
represent the statistical and systematic uncertainties added up in quadrature.
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Figure 1: Comparison of the combined lepton + jets data with simulated contributions for the
distributions in mT

W (left), M3 (middle), and ! |y| (right). The simulated signal and background
contributions are normalized to the results of the Þts in Table 1. Additionally the ratio of the
data to the sum of the simulated contributions is shown, with the statistical uncertainties of the
simulated contributions in blue (including the uncertainties of the Þt results).

Fig. 1 (right)) and differential distributions of ! |y|; the charge asymmetry then is calculated by
counting the entries with ! |y| > 0 and the entries with ! |y| < 0 and inserting these numbers
into Eq. 1.

The reconstructed distributions have to be corrected for several effects to be able to compare the
resulting asymmetry with the predictions from theory at generator level. In a tiered procedure,
the measured distributions are corrected for background contributions, reconstruction effects,
and selection efÞciencies.

In the Þrst correction step, the distributions of background processes are normalized to the esti-
mated rates (see Table 1) and subtracted from the data. The Þt determines also the correlations
among the individual background rates. These are taken into account when subtracting the
background.

A comparison of the asymmetries calculated from background-subtracted data to values from
the POWHEG signal simulation can be found in Fig. 2. Though a good agreement is found,
it should be kept in mind that the simulation does not encompass the full NLO effect of the
Standard Model [9].
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Figure 2: Background-subtracted asymmetry as a function of the reconstructed |ytøt | (left), pT,tøt
(middle), and mtøt (right).

The remaining background-free distributions are translated from the reconstruction level to the
particle level after event selection, and from there to the particle level before event selection.
The corrected distributions are then independent from the detector environment and analysis
speciÞcations. The corrections are achieved by applying a regularized unfolding procedure
to the data [25] through a generalized matrix-inversion method. In this method, the disturb-

9

The contributions of the different sources of systematic uncertainties to the total uncertainty of
the inclusive measurement are summarized in Table 2. It also shows the ranges of systematic
uncertainties in the differential measurements to illustrate the magnitudes of the individual
contributions.

6 Results

Table 3 gives the values of the measured inclusive asymmetry at the different stages of the
analysis while the unfolded ! |y| distribution itself is shown in Fig. 4 (upper left). The shown
theory uncertainty band represents a shape uncertainty, which can account for the apparent
width difference between unfolded data and theory. Additionally, one should bear in mind
that the unfolding procedure introduces correlations between the individual data points.

Table 3: The measured inclusive asymmetry at the different stages of the analysis and the
corresponding theory prediction from the SM.

Asymmetry AC

Reconstructed 0.003± 0.002(stat.)
BG-subtracted 0.002± 0.002(stat.)
Unfolded 0.005 ± 0.007(stat.) ± 0.006(syst.)

Theory prediction [K ¬uhn, Rodrigo] [9, 33] 0.0102± 0.0005

Theory prediction [Bernreuther, Zi] [34, 35] 0.0111 ± 0.0004

The results of the three differential measurements can be found in Fig. 4 (upper right, lower left
and lower right). The measured values are compared to predictions from SM calculations [9,
33Ð35] and to predictions from an effective Þeld theory [36Ð38]. The latter theory is capable
of explaining the CDF results by introducing an anomalous effective axial-vector coupling to
the gluon at the one-loop level. The gluon-quark vertex is treated in the approximation of an
effective Þeld theory with a scale for new physics contributions on the order of 1.0 ! 1.5 TeV.
For technical reasons predictions for the asymmetry as a function of pT,tøt are not possible for
this theory and for one of the SM calculations. In addition we measured the charge asymmetry
separately for mtøt < 450 GeV/c2 and mtøt > 450 GeV/c2 (see Fig. 5), as it was done by the Tevatron
experiments and the ATLAS collaboration to enable an easier comparison of the results. Within
the uncertainties all measured values are consistent with the values predicted by the SM.

7 Conclusion

An inclusive and three differential measurements of the charge asymmetry in t t production
at the LHC have been presented. Events with top-quark pairs decaying in the electron + jets
and muon + jets channels were selected and a full tt event reconstruction was performed to
determine the four-momenta of the top quarks and antiquarks. The observed distributions
were then corrected for acceptance and reconstruction effects.

All measured values are within their uncertainties consistent with the predictions of the Stan-
dard Model and no hints for deviations due to new physics contributions have been observed.
Furthermore, the charge asymmetry in the high-mass region is about 1.5 standard deviations
below the predictions from an effective Þeld theory with the scale for new physics at " =
1.5 TeV and about 3.5 standard deviatons below the predictions for " = 1.0 TeV.

New
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Figure 1: Charge asymmetry measurements at the Tevatron (left panel) and the LHC (right
panel). Shown are the inclusivetøt asymmetriesAy

C and A|y|
C in lepton+jets and dilepton Þnal

states, as well as the lepton asymmetriesA!
C (q! , Tevatron) and A!!

C (d! ), deÞned in Eqs. 8 and
9. SM predictions including scale uncertainties are displayed in gray.

This write-up covers the current theoretical status of the SM prediction for the charge
asymmetry (Section 2), as well as potential contributions of new physics (Section 3). I discuss
the limitations to observe A|y|

C at the LHC and suggest new observables involving an additional
hard jet as an alternative way of measuring the charge asymmetry in proton-proton collisions
(Section 4). I conclude in Section 5 with an outlook and comments on related observables that
allow a more complete picture of the charge asymmetry.

2 Charge asymmetry in the standard model

In QCD, the charge asymmetry is generated at next-to-leading order (NLO) by additional
virtual and real gluon radiation [2], as illustrated in Figure 2. Normalized to the symmetric
cross section, the perturbative expansion of the charge asymmetry reads

AQCD
C =

" 3
s #(1)

A + " 4
s #(2)

A + . . .

" 2
s #(0)

S + " 3
s #(1)

S + " 4
s #(2)

S + . . .
. (3)

Currently, the charge-asymmetric piece is known at NLO QCD (#(1)
A ), whereas the symmet-

ric cross section has recently been calculated up to NNLO (#(2)
S ) [3]. The strong remnant

dependence on the factorization and renormalization scales has been signiÞcantly reduced by
the resummation of large logarithms close to the partonic threshold [4, 5, 6]. The leading
contribution to AQCD

C is dominated by the lowest-order expansion of the threshold-resummed
cross section, and the asymmetry proves stable under higher-order threshold corrections. The

2

LHC Summary from TOP 2013 V.Sharyy • Nice suite of measurements!
o 8 TeV still in progress for full 

data sample & channels!
• AC still compatible with zero!
• Also compatible with SM!

o no hints of anomalous AC!
• Some exotic models are ruled 

out via other channels!
o e.g. axigluon in m(t tbar) tail
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Single Top Production
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• Standard Model Electroweak Production!
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• Probes New Physics through top couplings!
o non-SM production or decay!

• Single top discovered at the Tevatron!
o s+t-channel combined; now evidence for s-channel!

• LHC t-channel measurements at 7 TeV and 8 TeV!
o tW channel now the focus of attention
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Latest Single Top at Tevatron
• DØ joint analysis of s- and t-

channel using multiple MVAs!
• Selection for t! Wb! !" b!

o one isolated e/μ!
o 2 or 3 jets, pT>20 GeV, leading pT>25!
o MET>20 (25) GeV for 2 (3) jets!

• Bin in Njet [2,3] Nb-tag [1,2]!
• Design MVAs for each channel (s/t) 

& bin to maximize sensitivity and 
suppress t tbar & W+jets!

o Matrix element, BDT, BNN!
• Combined MVAs for s,t, s+t 

channel with Bayesian Neural Net!
• Binned likelihood fit to extract σ’s 

independently and jointly!
o s-channel p-value 10-4 (3.7σ)

�17

D0 Collaboration / Physics Letters B 726 (2013) 656Ð664 663

Table 3
The expected and observed single top quark cross sections and p values for the individual ME, BNN, and BDT discriminants, and the combined BNN discriminant Dcomb .
Here, Z is deÞned such that a Z standard-deviation upward ßuctuation of a Gaussian random variable would have an upper tail area equal to the p value.

Channel Expected ! (pb) Observed ! (pb) Expected p value Observed p value Expected Z Observed Z

MEs 1.05+ 0.36
! 0.34 1.12+ 0.36

! 0.33 8.1 " 10! 4 3.7 " 10! 4 3.2 3.4

BNNs 1.06+ 0.41
! 0.39 1.61+ 0.43

! 0.40 3.3 " 10! 3 1.5 " 10! 5 2.7 4.2

BDTs 1.06+ 0.35
! 0.33 1.56+ 0.40

! 0.37 5.4 " 10! 4 2.3 " 10! 6 3.3 4.6

Dcomb
s 1.07+ 0.32

! 0.30 1.10+ 0.33
! 0.31 1.0 " 10! 4 1.0 " 10! 4 3.7 3.7

MEt 2.27+ 0.55
! 0.51 2.15+ 0.54

! 0.50 6.6 " 10! 7 2.8 " 10! 6 4.8 4.5

BNNt 2.31+ 0.54
! 0.50 2.41+ 0.55

! 0.51 2.4 " 10! 7 1.4 " 10! 7 5.0 5.1

BDTt 2.36+ 0.53
! 0.50 3.70+ 0.66

! 0.60 5.4 " 10! 8 3.4 " 10! 15 5.3 7.8

Dcomb
t 2.33+ 0.47

! 0.44 3.07+ 0.54
! 0.49 1.0 " 10! 9 7.1 " 10! 15 6.0 7.7

Dcomb
s+ t 3.34+ 0.53

! 0.49 4.11+ 0.60
! 0.55

Fig. 4. (Color online.) Observed posterior density distributions extracted from the
Dcomb

s and Dcomb
t discriminants: (a) 2D posterior density with one, two, and three

SD probability contours, and the resulting 1D posterior densities for (b) the s chan-
nel, (c) the t channel, and (d) s + t channel, all along with expected poste-
rior densities. The prediction from the SM [4] together with several BSM predic-
tions are shown in (a), including four-quark generations with CKM matrix element
|Vts| = 0.2 [16] , a top-ßavor model with new heavy bosons with mx = 1 TeV [46] ,
a model of charged top-pions with m" ± = 250 GeV [46] , and ßavor changing neu-
tral currents with an up-quark/top-quark/gluon coupling #u /$ = 0.036 [46,47] .

values of ! t . The results of these measurements are summarized
in Table 3.

All three measurements are in agreement with the SM pre-
dictions within the uncertainties [4] . The statistical signiÞcance
of these results is quantiÞed by a p value, which represents the
likelihood that the measured cross section could result from a
background-only ßuctuation equal to or greater than the observed
value, assuming the signal process is absent. An asymptotic log-
likelihood ratio approach [48] is adopted to quantify the p values
with the results summarized in Table 3. The s-channel cross sec-
tion, without any assumption on the t -channel cross section, is
measured with a signiÞcance corresponding to 3 .7 SD, which is
also the expected sensitivity of our analysis for this process. This
is the Þrst measurement of the s-channel cross section at more
than 3 SD. The t -channel cross section is measured with 7 .7 SD
(6.0 SD expected). The relative uncertainty on the s + t cross sec-
tion measurement is improved by 40% with respect to the previous
D0 measurement [8] , and is now 14%, including both statistical and
systematic components. The statistical component is dominant: the

result without systematic uncertainties has a relative uncertainty
of 11%. The experimental dependence of ! s on the assumed value
of mt is ! 0.08 pb/ GeV, and for ! t is ! 0.04 pb/ GeV.

The single top quark production cross section is directly propor-
tional to the square of the CKM matrix element |Vtb |2, enabling us
to measure |Vtb | directly without any assumption on the number
of quark families or the unitarity of the CKM matrix [19] . We as-
sume only SM processes for single top quark production and top
quarks to decay exclusively to Wb. We also assume that the Wtb
interaction is CP-conserving and of the type V ! A, but maintain
the possibility for an anomalous strength of the left-handed Wtb
coupling ( f L

1 ), which could rescale the single top quark cross sec-
tion [49] . Therefore, we are measuring the strength of the V ! A
coupling |Vtb f L

1 |, which can be greater than 1.
We start from the same combination BNN discriminants for s

and t channels, and form a Bayesian posterior probability den-
sity for |Vtb f L

1 |2 with a ßat prior, without any assumption on
the ! s/ ! t production ratio. Additional theoretical uncertainties are
considered for the s- and t -channel cross sections [4] . We obtain
|Vtb f L

1 | = 1.12+ 0.09
! 0.08 . If we restrict the prior to the SM region [0, 1]

and assume f L
1 = 1, we extract a limit of |Vtb | > 0.92 at 95% C.L.

In summary, we have measured the single top quark produc-
tion cross section using the full Run II dataset collected by the
D0 experiment at the Fermilab Tevatron Collider, corresponding to
an integrated luminosity of 9.7 fb ! 1 after application of appropri-
ate data quality requirements. We measure the cross sections for s
channel and t channel independently, assuming mt = 172.5 GeV:

! (p øp # tb + X) = 1.10+ 0.33
! 0.31 pb,

! (p øp # tqb + X) = 3.07+ 0.54
! 0.49 pb.

With no assumption on the relative s- and t -channel contributions,
we measure the total single top quark production cross section to
be

! (p øp # tb + tqb + X) = 4.11+ 0.60
! 0.55 pb.

All measurements are consistent with the SM predictions [4] . The
s-channel production is measured with a signiÞcance of 3.7 SD and
represents the Þrst evidence for this production mode. Finally, we
derive a direct limit on the CKM matrix element, |Vtb | > 0.92 at
95% C.L., assuming a ßat prior within 0 ! |Vtb |2 ! 1.
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Fig. 3. (Color online.) The (a) Dcomb
s and (c) Dcomb

t discriminants for all analysis
channels combined, with the high discriminant region shown in (b) and (d), respec-
tively. The bins have been ranked by their expected signal to background ratio. The
signal is normalized to the observed cross section. The signal contributions are vis-
ible above the hatched bands that show the ± 1 SD uncertainty on the background
prediction after the Þt to the data.

use input variables that have good agreement between data and
simulation, as checked in the training sample, i.e. having a binned
KolmogorovÐSmirnov test value higher than 0.25.

All three MVAs achieve similar discrimination between signal
and background events, and their discriminants show good agree-
ment of the background expectation with the data in the back-
ground dominated regions. Using ensembles of simulated datasets
containing contributions from background and signal, we infer that
the pairwise correlations among the outputs of the individual MVA
methods are ! 75%. Sensitivity can therefore be increased by com-
bining the methods to form a new discriminant [20] . To achieve
maximum sensitivity, a second BNN is used to construct a com-
bined discriminant for s- and t -channel signals, deÞned as Dcomb

s

and Dcomb
t , for each analysis channel. The new BNN takes as input

variables the three discriminants of ME, BNN, and BDT methods
for the corresponding signal, and is trained on the remaining, in-
dependent, quarter of the selected sample. Fig. 3 shows that the
Dcomb

s and Dcomb
t distributions display agreement between the

data and the expected background plus measured signal over the
entire discriminant range.

Systematic uncertainties are categorized in two classes: one
only affecting the overall normalization, and the other affecting
both the normalization and the kinematic distributions and there-
fore the discriminant distributions. Table 2 provides a summary of
the systematic uncertainties. The most important ones are due to
the W / Z + jets heavy ßavor corrections, which include uncertain-
ties on the NLO scaling, and on the correction applied to the b-tag
discriminant from the control sample; the b-tagging e ! ciency un-
certainty and scale factors; and the uncertainties on some of the
cross sections for backgrounds.

We use a Bayesian approach [6,18,19] to extract the production
cross sections. The method consists of forming a binned likelihood
as a product of all four analysis channels (two or three jets with
one or two b tags) on the bins of the full discriminant distribu-
tions. We use the two discriminants Dcomb

s and Dcomb
t simulta-

neously in a joint discriminant sensitive to both signals, which
makes the measurements of the single top quark cross sections
! s and ! t correlated. We assume a Poisson distribution for the
number of events in each bin and uniform prior probabilities for

Table 2
A summary of the dominant relative systematic uncertainties. The
uncertainties shown correspond to the overall change in the yield
of the relevant signal or background components for each uncer-
tainty source, and are not the uncertainties on the Þnal cross sec-
tion. Ranges are given to cover the spread across different channels.

Relative systematic uncertainties

Components for normalization
Integrated luminosity [45] 6.1%
t øt cross section 9.0%
Parton distribution functions 2.0%
Trigger e! ciency (3.0Ð5.0)%
Jet fragmentation and higher-order effects (0.7Ð7.0)%
Initial and Þnal state radiation (0.8Ð10.9)%
W / Z + jets heavy ßavor correction 20.0%
W + jets normalization to data (1.1Ð2.5)%
Multijet normalization to data (9.2Ð42.1)%

Components for normalization and shape
Jet reconstruction and identiÞcation (0.1Ð1.4)%
Jet energy resolution (0.3Ð1.1)%
Jet energy scale (0.1Ð1.2)%
Flavor-dependent jet energy scale (0.1Ð1.3)%
b tagging, single-tagged (1.0Ð6.6)%
b tagging, double-tagged (7.3Ð8.8)%

positive values of the signal cross sections. Systematic uncertain-
ties and their correlations are taken into account by integrating
over signal acceptances, background yields, and integrated lumi-
nosity, assuming a Gaussian prior for each source of systematic
uncertainty. A two-dimensional (2D) posterior probability density
is constructed as a function of ! s and ! t , with the position of the
maximum deÞning the value of the cross sections, and the width
of the distribution in the minimal region that encompasses 68% of
the entire area deÞning the uncertainty (statistical and systematic
components combined). The expected cross sections are obtained
by setting the number of data events in each channel equal to the
value given by the prediction of SM signal plus background.

Several cross checks have been performed to demonstrate the
stability of the MVA methods and the Bayesian extraction of the
cross section, and to ensure the reliability of the measurements.
We generate ensembles of pseudo-experiments taking into account
all systematic uncertainties and their correlations, injected with
varying amounts of signal events. Each pseudo-experiment is ana-
lyzed with each of the MVA methods, following the same analysis
chain as for the data, and the signal cross section is extracted.
The cross sections extracted by all three methods behave linearly
as a function of the input signal cross section. The same behav-
ior is found for the combination BNN. Results of these pseudo-
experiments demonstrate insigniÞcant biases. We test the MVA
methods in the two cross-check regions in the data, enriched in
W + jets and t øt events, and the discriminants show good agree-
ment with the background expectation in these background dom-
inated samples. Finally, we also check the distribution of the data
sample when different regions of the discriminants are selected
with increasing amounts of signal purity, and show that the pres-
ence of a single top quark signal is needed to ensure a good de-
scription of the data in different kinematic variables.

Fig. 4 shows contours of equal probabilities for a given num-
ber of standard deviations in the 2D posterior for the combined
discriminant. The Þgure also shows the sensitivity to some models
of BSM physics that would change the s- or t -channel cross sec-
tions. To measure the uncertainty on the individual cross sections,
we obtain the one-dimensional (1D) posterior probability functions
by integrating the 2D posterior over the other variable. To measure
the combined s+ t cross section ! s+ t without assuming the SM ra-
tio of ! s/ ! t , a 2D posterior of ! s+ t versus ! t is Þrst formed and
then the 1D estimate of ! s+ t found by integrating over all possible
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Fig. 3. (Color online.) The (a) Dcomb
s and (c) Dcomb

t discriminants for all analysis
channels combined, with the high discriminant region shown in (b) and (d), respec-
tively. The bins have been ranked by their expected signal to background ratio. The
signal is normalized to the observed cross section. The signal contributions are vis-
ible above the hatched bands that show the ± 1 SD uncertainty on the background
prediction after the Þt to the data.

use input variables that have good agreement between data and
simulation, as checked in the training sample, i.e. having a binned
KolmogorovÐSmirnov test value higher than 0.25.

All three MVAs achieve similar discrimination between signal
and background events, and their discriminants show good agree-
ment of the background expectation with the data in the back-
ground dominated regions. Using ensembles of simulated datasets
containing contributions from background and signal, we infer that
the pairwise correlations among the outputs of the individual MVA
methods are ! 75%. Sensitivity can therefore be increased by com-
bining the methods to form a new discriminant [20] . To achieve
maximum sensitivity, a second BNN is used to construct a com-
bined discriminant for s- and t -channel signals, deÞned as Dcomb

s

and Dcomb
t , for each analysis channel. The new BNN takes as input

variables the three discriminants of ME, BNN, and BDT methods
for the corresponding signal, and is trained on the remaining, in-
dependent, quarter of the selected sample. Fig. 3 shows that the
Dcomb

s and Dcomb
t distributions display agreement between the

data and the expected background plus measured signal over the
entire discriminant range.

Systematic uncertainties are categorized in two classes: one
only affecting the overall normalization, and the other affecting
both the normalization and the kinematic distributions and there-
fore the discriminant distributions. Table 2 provides a summary of
the systematic uncertainties. The most important ones are due to
the W / Z + jets heavy ßavor corrections, which include uncertain-
ties on the NLO scaling, and on the correction applied to the b-tag
discriminant from the control sample; the b-tagging e ! ciency un-
certainty and scale factors; and the uncertainties on some of the
cross sections for backgrounds.

We use a Bayesian approach [6,18,19] to extract the production
cross sections. The method consists of forming a binned likelihood
as a product of all four analysis channels (two or three jets with
one or two b tags) on the bins of the full discriminant distribu-
tions. We use the two discriminants Dcomb

s and Dcomb
t simulta-

neously in a joint discriminant sensitive to both signals, which
makes the measurements of the single top quark cross sections
! s and ! t correlated. We assume a Poisson distribution for the
number of events in each bin and uniform prior probabilities for

Table 2
A summary of the dominant relative systematic uncertainties. The
uncertainties shown correspond to the overall change in the yield
of the relevant signal or background components for each uncer-
tainty source, and are not the uncertainties on the Þnal cross sec-
tion. Ranges are given to cover the spread across different channels.

Relative systematic uncertainties

Components for normalization
Integrated luminosity [45] 6.1%
t øt cross section 9.0%
Parton distribution functions 2.0%
Trigger e! ciency (3.0Ð5.0)%
Jet fragmentation and higher-order effects (0.7Ð7.0)%
Initial and Þnal state radiation (0.8Ð10.9)%
W / Z + jets heavy ßavor correction 20.0%
W + jets normalization to data (1.1Ð2.5)%
Multijet normalization to data (9.2Ð42.1)%

Components for normalization and shape
Jet reconstruction and identiÞcation (0.1Ð1.4)%
Jet energy resolution (0.3Ð1.1)%
Jet energy scale (0.1Ð1.2)%
Flavor-dependent jet energy scale (0.1Ð1.3)%
b tagging, single-tagged (1.0Ð6.6)%
b tagging, double-tagged (7.3Ð8.8)%

positive values of the signal cross sections. Systematic uncertain-
ties and their correlations are taken into account by integrating
over signal acceptances, background yields, and integrated lumi-
nosity, assuming a Gaussian prior for each source of systematic
uncertainty. A two-dimensional (2D) posterior probability density
is constructed as a function of ! s and ! t , with the position of the
maximum deÞning the value of the cross sections, and the width
of the distribution in the minimal region that encompasses 68% of
the entire area deÞning the uncertainty (statistical and systematic
components combined). The expected cross sections are obtained
by setting the number of data events in each channel equal to the
value given by the prediction of SM signal plus background.

Several cross checks have been performed to demonstrate the
stability of the MVA methods and the Bayesian extraction of the
cross section, and to ensure the reliability of the measurements.
We generate ensembles of pseudo-experiments taking into account
all systematic uncertainties and their correlations, injected with
varying amounts of signal events. Each pseudo-experiment is ana-
lyzed with each of the MVA methods, following the same analysis
chain as for the data, and the signal cross section is extracted.
The cross sections extracted by all three methods behave linearly
as a function of the input signal cross section. The same behav-
ior is found for the combination BNN. Results of these pseudo-
experiments demonstrate insigniÞcant biases. We test the MVA
methods in the two cross-check regions in the data, enriched in
W + jets and t øt events, and the discriminants show good agree-
ment with the background expectation in these background dom-
inated samples. Finally, we also check the distribution of the data
sample when different regions of the discriminants are selected
with increasing amounts of signal purity, and show that the pres-
ence of a single top quark signal is needed to ensure a good de-
scription of the data in different kinematic variables.

Fig. 4 shows contours of equal probabilities for a given num-
ber of standard deviations in the 2D posterior for the combined
discriminant. The Þgure also shows the sensitivity to some models
of BSM physics that would change the s- or t -channel cross sec-
tions. To measure the uncertainty on the individual cross sections,
we obtain the one-dimensional (1D) posterior probability functions
by integrating the 2D posterior over the other variable. To measure
the combined s+ t cross section ! s+ t without assuming the SM ra-
tio of ! s/ ! t , a 2D posterior of ! s+ t versus ! t is Þrst formed and
then the 1D estimate of ! s+ t found by integrating over all possible

t-chan: σtbq=3.07 +0.54-0.49 pb
s-chan: σtb=1.10 +0.33-0.31 pb

s+t-chan: σtb+tbq=4.11 +0.60-0.55 pb
Compatible with SM prediction: σtb=1.04±0.08 pb 

Evidence for s channel

Kidonakis PRD 74 114012 (2006)

C.f. CDF NOTE 11045 s-chan: 1.38±0.38 pb (4.2σ)

New

σtqb=2.26±0.12 pb 
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tW production at CMS
• 8 TeV (12.2 fb-1)!
• tW in two lepton channel!

o isolated lepton e/μ!
o jets pT>30 (loose jets pT>20)!
o ee, μμ: veto [81,101] GeV and 

require MET>50 GeV (Z/γ*)!
• #jets, #b-tags: 1j1t,2j1t,2j2t!

o 1j1t - tW signal region!
o 2j1t,2j2t - t tbar control region!

• Main Backgrounds from t tbar, Z
+jets!

• BDT of 13 variables!
• simultaneous fit to signal & 

control regions
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Figure 1: The number of loose jets in the event and the pT of the system (psys
T ) composed of the

jet, leptons, and Emiss
T , in the signal region (1j1t) for all Þnal states combined. Shown are data

(points) and simulation (histogram). The hatched band represents the combined effect of all
sources of systematic uncertainty.
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Figure 2: The BDT discriminant, in the signal region (1j1t) and control regions (2j1t and 2j2t)
for all Þnal states combined. Shown are data (points) and simulation (histogram). The hatched
band represents the combined effect of all sources of systematic uncertainty.

σtW=23.4±5.4 pb !
p-value 5×10-10 (6.1σ)!
expected sig. 5.4±1.4σ!

SM: 22.2±0.6(scale)±1.4(pdf) pb

Two cross checks confirm the !
first observation (>5σ) of tW !
in agreement with SM cross section

New

c.f. ATLAS-CONF-2013-100 4.2σ evidence
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Summary & Outlook
• Top quark has been studied at Tevatron & LHC!

o Pair production: precise measurement matches NNLO calculations in 
QCD!

• at Tevatron @ 1.96 TeV and LHC @ 7 TeV & 8 TeV!
o Charge asymmetry: next step test of QCD with sensitivity to new 

physics from new objects/amplitudes!
• Anomalous AFB at Tevatron has less tension but still interesting!
• LHC experiments have measurements ruling out many exotic 
explanations for AFB, but not yet sensitive to SM AC!

o Single top: in agreement with SM expectations!
• t-channel well established at Tevatron & LHC!
• s-channel evidence from Tevatron experiments!
• tW-channel observation at LHC!

• So far, top looks very much like a SM quark in production & decay!
• More to come!

o Finalizing legacy Tevatron analyses full data sample!
o LHC 7/8 TeV legacy analyses & LHC 13 TeV in 2015
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Other results of interest
No time to cover these interesting results!
• Differential cross sections!
• Associated production of top quark-antiquark pairs!

o with vector bosons!
o with photons!
o with additional jets!
o with heavy flavor jets!
o with H boson!

• Properties in top decay!
o W polarization in top decays!
o Top polarization in t tbar production!
o Spin correlations in t tbar production!
o Searches for FCNC t! Zq

�20

No surprises but lots of potential! 
Adding to our understanding of top
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Backup Slides
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+jetsτCMS   3± 32 ± 12 ±152 
arXiv:1301.5755 (L=3.9/fb)  lumi.)± syst. ± stat. ±(val. 

)τµ,τCMS dilepton (e   3± 22 ± 14 ±143 
Phys. Rev. D 85 (2012) 112007  lumi.)± syst. ± stat. ±(val. 
(L=2.2/fb)

CMS all-hadronic   3± 26 ± 10 ±139 
arXiv:1302.0508 (L=3.5/fb)  lumi.)± syst. ± stat. ±(val. 

)µ,eµµCMS dilepton (ee,   4±  5 ±  2 ±162 
JHEP 11 (2012) 067 (L=2.3/fb)  lumi.)± syst. ± stat. ±(val. 

+jetsµCMS e/   4± 10 ±  2 ±158 
Phys. Lett. B 720 (2013) 83  lumi.)± syst. ± stat. ±(val. 
(L=2.2-2.3/fb)

 = 7 TeVsCMS Preliminary, 

NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254

NLO QCD
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Approx. NNLO+NNLL QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030
Approx. NNLO+NNLL QCD, Ahrens et al., JHEP 1009 (2010) 097
NLO QCD
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ATLAS+CMS Single Top 8 TeV
t-channel results @ 8 TeV
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 3  (lumi)± 11 (syst) ± 4  (stat) ±85  

Figure 1: Single top-quark production cross-section measurements performed by ATLAS and CMS,
and combined result (light-blue band), compared with SM predictions [1, 3](pink bands). Statistical,
systematic and luminosity uncertainties are represented by blue error bars,ordered from the innermost
to the outermost. For theoretical predictions the renormalisation/factorisation scale uncertainty and PDF
uncertainty are represented by red error bars, ordered from the innermost to the outermost.
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