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 tt charge asymmetry
 single top production
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The Top Quark is special 
Top quark is unusually massive

Decays before it hadronizes

Yukawa coupling to Higgs field 
suspiciously close to unity

Large impact on radiative corrections of 
SM observables

New physics may preferentially 
couple/decay to top quarks

          Is it the Standard Model top quark ?
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Top Quark Pair 
Production Cross Section
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

Top Pair Production
tt production dominated by gluon fusion at 
the LHC (~ 90%)

State of the art theory approx. NNLO
uncertainties down to ~5%
missing calculations (gg→tt) forthcoming
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NLO 6.68+0.36+0.23

−0.75−0.22 158.1+19.5+6.8
−21.2−6.2 226.2+27.8+9.2

−29.7−8.3
NNLO 7.00+0.21+0.29

−0.31−0.25 160.9+11.1+7.2
−11.5−6.7 229.8+16.5+9.7

−16.7−9.0
NNLL 7.15+0.21+0.30

−0.20−0.25 162.4+6.7+7.3
−6.9−6.8 231.8+9.6+9.8

−9.9−9.1

Table 1: Total t  t cross section at NLO, NNLO and NNLL for Tevatron
and LHC with

√
s = 7, 8 TeV and mt = 173.3 GeV. The first set of

errors refers to the theoretical uncertainty, the second to the PDF+αs
uncertainty. All the numbers are in picobarns.

calculation of [18] are given in the following section.

2. The t  t total cross section at NNLL

The numerical results presented in this section are
computed with the user-friendly program TOPIXS [19],
which implements the NNLL soft-Coulomb resumma-
tion as described in [18]. The resummed result for
the q  q channel is matched to the exact fixed-order
NNLO cross section for this partonic channel [6], as
detailed in Eq. (2.2) of [19]. This gives (almost) full
NNLO+NNLL accuracy at Tevatron, where the q  q pro-
duction channel dominates the hadronic cross section.
For the matching of the gg channel, which is dominant
at the LHC, TOPIXS uses the approximated NNLO re-
sult of [20], which contains all the threshold-enhanced
terms at NNLO, but no constants at O(α4

s).
In Table 1 we present results for the total top-pair

cross section at NLO, NNLO and (matched) NNLL ac-
curacy for Tevatron and LHC with

√
s = 7, 8 GeV and

mt = 173.3 GeV 1. The central value for both renor-
malization and factorization scale is set to mt. For the
convolution of the partonic cross sections with the par-
ton luminosities we use the MSTW2008 PDF sets [21]
(NLO set for the NLO cross section, NNLO set for
NNLO and NNLL cross sections). The two sets of er-
rors refer to the theoretical uncertainty of the approxi-
mation and to the combined PDF and αs error obtained
with the 68% confidence-level PDF set. The theoretical
uncertainty is obtained from scale variation for the NLO
result, from the sum of scale uncertainty and ambigui-
ties related to unknown O(α4

s) constant terms at NNLO
and from the sum of scale, constant and resummation
uncertainties for the resummed NNLL result [18]. Note
that the error from the constant NNLO terms affects
only the gg channel, since the matching to the exact
NNLO result for q  q removes the uncertainty for this
channel.

1In Table 1 we use the same notation for Tevatron and LHC,
though, strictly speaking, the LHC results are not exact at NNLO.
The same is true for the matched NNLL cross section.
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Figure 1: Comparison of the NNLL predictions obtained with differ-
ent PDF sets and of recent experimental measurements of the total t  t
cross section, for Tevatron (upper plot) and LHC with

√
s = 7 TeV

(lower plot). The two error bars for the theoretical numbers represent
total theoretical uncertainty (external dashed bar) and the PDF+αs un-
certainty at 68% confidence level.

From Table 1 it can be seen that at Tevatron correc-
tions beyond NLO are sizeable, corresponding to an up-
ward shift of the cross section by 7%. Of this, about 5%
is accounted for by NNLO contributions, with higher-
order terms from resummation contributing only 2% of
the cross section. The situation is quite different at the
LHC, where terms beyond NLO are only 3% of the
NLO cross section, of which only about 1% originate
from terms beyond O(α4

s). Note that the positive con-

2

Beneke et al (TOPIXS), arXiv:1208.5578 [hep-ph], 29 Aug 2012

LHC (7TeV) Tevatron

gg ~90% ~15%

qq ~10% ~85%

 -

- 
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tt Event Signatures

5

Introduction

Cross Sections

� tt cross section at LHC 20
times larger than at Tevatron

� gg fusion is dominating
production process

tt Decay Channels

full hadronic: largest branching fraction
large QCD background

single lepton: golden channel

dileptonic: clearest signature
small fraction
underconstrained kinematics

3 / 15
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All experiments have measured tt in all decay channels (except ττ)

In SM, B(t→ Wb)~100%
- presence of b-quark 
- final states with complementary 

S/B ratio 

 - Andreas B. Meyer                                                                                      Top Quark Production                                                                                Physics in Collision, 12 September 2012                                                

Benedikt Hegner                                                DESY Hamburg

Analysis

in CMSSW

Benedikt Hegner

DESY Hamburg
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

27Jeannine Wagner-Kuhr Bonn, 12th January 2012

tt event reconstruction using lepton+jets channel 
(CDF)

Perform kinematic fit to top pair event hypothesis:

Constraints: MW=80.4GeV/c², Mt=175GeV/c²,

     Assign identified b-jets to b-quarks

 Float jet pT within uncertainties

 Take hypothesis with smallest χ² 

Several event hypotheses due to jet-parton assignment
ambiguities and due to unknown pz of neutrino

Lepton charge q defines charge of leptonically (l) decaying top

    q=+1 → lept. top  , q = -1 → lept. antitop

Assume that hadronically (h) decaying top quark has opposite charge

    q=+1 → had. antitop  , q = -1 → had. top

Sensitive variables:

and

τ-

BR ~ 15%

tau+jets
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Benedikt Hegner                                                DESY Hamburg

Analysis

in CMSSW
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

BR ~ 5%

dileptons (e,µ):
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

BR ~ 30%

lepton+jets:

 Andreas B. Meyer                                                                                      Top Quark Production                                                                                Physics in Collision, 12 September 2012                                                

Benedikt Hegner                                                DESY Hamburg

Analysis

in CMSSW

Benedikt Hegner

DESY Hamburg
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

BR ~ 45%

all-hadronic:
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Require two opposite sign lepton (ee,µµ,eµ) 
mll>20 GeV suppresses QCD
mll∉[76,106 GeV] to suppress Z (same fl.)

Two jets
ET>40 GeV in same flavor
consider events with 0,1,≥2 b-tagged jets 
background:

single-top & diboson from MC
DY and non-prompt leptons data based

7 TeV: profile likelihood ratio (#jets, #b-tags)

8 TeV: counting experiment with >=1 b-tag

most precise channel at the LHC
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CMS PAS TOP-12-007

7 TeV

8 TeV

JHEP 11 (2012) 067

�tt̄ = 161.9± 2.5 (stat.)+5.1
�5.0 (syst.)± 3.6 (lumi.) pb

�tt̄ = 227± 3 (stat.)± 11 (syst.)± 10 (lumi.) pb

4.2%

6.7%

2 jets 3 jets
4 jets/

1.41 ± 0.10

http://cdsweb.cern.ch/record/1462235?ln=en
http://cdsweb.cern.ch/record/1462235?ln=en
http://dx.doi.org/10.1007/JHEP11%282012%29067
http://dx.doi.org/10.1007/JHEP11%282012%29067
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tt ➞ e/µ +jets
Require

single highly isolated e or µ 
≥ 1 jet, 1/2 b-jets

7 TeV: Fit secondary vertex mass in 
bins of #jets and #tags
Constrain background rates
determine major systematics (JES, 
Wjets Q2) from fit

7

8 TeV: Fit M(lb)
>=4 jets and >=1 bjet
QCD background determined from 
non-isolated side band data (with 
tt,W-jets, Z-jets leakage removed)

Secondary Vertex Mass (GeV)
0 5 0 5 0 5 0 5 0 5

Ev
en

ts
/0

.5
 G

eV

10

210

310

410

1 
Je

t  
1 

Ta
g

2 
Je

ts
 1

 T
ag

3 
Je

ts
 1

 T
ag

4 
Je

ts
 1

 T
ag

5 
Je

ts
 1

 T
ag

 of Muon Data -1 = 7 TeV                               2.3 fbsCMS    

 (GeV)ebM
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
/1

0 
G

eV
0

100

200

300

400

500 Data

tt

Background

/ndf = 0.252χFit 

CMS Preliminary  = 8 TeVs at -12.7 fb

8 TeV

7 TeV

CMS PAS TOP-12-006
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_

�tt̄ = 158.1± 2.1 (stat.)± 10.2 (syst.)± 3.5 (lumi.) pb

�tt̄ = 228.4± 9.0 (stat.)+29.0
�26.0 (syst.)± 10.0 (lumi.) pb

6.9%

13.4%

arXiv:1212.6682  (accepted PLB)

-

https://cdsweb.cern.ch/record/1461939?ln=en
https://cdsweb.cern.ch/record/1461939?ln=en
http://arxiv.org/abs/1212.6682
http://arxiv.org/abs/1212.6682
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tt ➞ all-jets
Require 6 jets (2 b-tagged)
kinematic fit to choose best combination 

constrain mW

keep mtop unconstrained (but equal)
Unbinned max likelihood fit to 
reconstructed mtop

signal from MC
multijet background from data using
jet-tag rate

Largest systematic: JES

8
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Cross check using NN with 6 variables 
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arXiv:1302.0508 (submitted to JHEP)

http://arxiv.org/abs/1302.0508
http://arxiv.org/abs/1302.0508
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tt ➞ τ+jets and τ+e/µ  
final state with taus sensitive t->H+(τ,v)b
τ+jets: 4 jets + hadronic τ-candidate + 1 b-jet 

Dedicated BDT to separate τ from e/µ

largest background: multi-jet QCD 
estimated from untagged side-band
EWK background from MC

Fit NN output to to determine cross section

τ+e/µ: isolated e/µ + hadronic τ-candidate + 
          1 b-jet
largest background: misreconstructed τhad
estimated from data 

9

NNOutput
-1.5 -1 -0.5 0 0.5 1 1.5

E
ve

nt
s 

/ 0
.1

1

10

210

310

410
Data

+jetshτtt
single top
W/Z + jets

 backgroundtt
multijet

-1=7 TeV, 3.9 fbsCMS

NND
-1.5 -1 -0.5 0 0.5 1 1.5

D
at

a/
M

C

0
0.5

1
1.5

2

]2 [GeV/ctop m
100 200 300 400 500 600

)2
 E

ve
nt

s 
/ (

20
 G

eV
/c

0

5

10

15

20

25

30

35
data

+Xhτ e→tt
tother t

W+jets
Single t
DY+Diboson
Total uncert.

-1 = 7 TeV, 2.0 fbsCMS 

_

Phys. Rev. D 85 (2012) 112007

7 TeV

7 TeV

�tt̄ = 152± 12 (stat.)± 32 (syst.)± 3 (lumi.) pb

�tt̄ = 143± 14 (stat.)± 22 (syst.)± 3 (lumi.) pb

23%

18%

arXiv:1301.5755 (submitted to EPJC)

http://prd.aps.org/abstract/PRD/v85/i11/e112007
http://prd.aps.org/abstract/PRD/v85/i11/e112007
http://arxiv.org/abs/1301.5755
http://arxiv.org/abs/1301.5755
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) (pb)t(tσ

0 50 100 150 200 250 300
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5.8

+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. 

+jets+btagµCMS e/   4± 10 ±  2 ±158 
arXiv:1212.6682 (L=2.2-2.3/fb)  lumi.)± syst. ± stat. ±(val. 

=7 TeVsCMS Preliminary, 

Approx. NNLO QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
Approx. NNLO QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030
Approx. NNLO QCD, Ahrens et al., JHEP 1009 (2010) 097
NLO QCD

Theory Comparison at 7&8TeV

10
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+jets)µCMS l+jets (e/  10 pb±  26
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 PDF uncertainty)⊗Approx. NNLO QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale 
Approx. NNLO QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale uncertainty)
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Inclusive cross section measurements at 7 and 8 TeV consistent across all 
channels
Experimental uncertainties <5-15% → approaching/challenging theory precision
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Theory Comparison at 7&8TeV

Inclusive cross section measurements at 7 and 8 TeV consistent across all 
channels
Experimental uncertainties <5-15% → approaching/challenging theory precision
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Kidonakis, arXiv:1009.4935 [hep-ph]
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(arXiv:1105.5167)

Differential tt cross sections (1)
Test pQCD in differential distributions in lepton + jets and dilepton channel

check dependence on QCD scales, ME-PS matching, 
generators
enhance sensitivity to new physics 
sensitive to pdf

Analysis ingredients:
cross section measurement
kinematic reconstruction
unfolding (Singular Value Decomposition, NIM A 372 (1996) 469).
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7 TeV

7 TeVarXiv:1211.2220

accepted by EPJC

ee/eµ/µµ e/µ+ jets

http://arxiv.org/abs/1211.2220
http://arxiv.org/abs/1211.2220
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Differential tt cross sections (2)
Test pQCD in differential distributions in lepton + jets and dilepton channel

check dependence on QCD scales, ME-PS matching, 
generators
enhance sensitivity to new physics 
sensitive to pdf

Analysis ingredients:
cross section measurement
kinematic reconstruction
unfolding (Singular Value Decomposition, NIM A 372 (1996) 469).
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New!

CMS PAS TOP-12-028 CMS PAS TOP-12-027

ee/eµ/µµ e/µ+ jets

8 TeV
12 fb-1

8 TeV
12 fb-1
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Differential tt cross sections (3)
Differential distributions determined in lepton + jets and dilepton channel

unfolded and extrapolated to full phase space 
kinematic properties (pT, y, m) of leading (and sub-leading) leptons, lepton pair, 
b-jets, top quarks, top quark pairs
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8 TeV
12 fb-1

8 TeV
12 fb-1

Good description between data and theory 
NNLO approx describes softer pT(t) spectrum in the data better 

ee/eµ/µµ e/µ+ jets
8 TeV
12 fb-1

e/µ+ jets

New!
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CMS PAS TOP-12-019

CMS PAS TOP-12-014

7 TeV

7 TeV

�tt̄V = 0.51+0.15
�0.13 (stat.)

+0.05
�0.04 (syst.) pb

7 TeV

30%

  /

-

-

-
-

https://cds.cern.ch/record/1478671?ln=en
https://cds.cern.ch/record/1478671?ln=en
http://cdsweb.cern.ch/record/1460101?ln=en
http://cdsweb.cern.ch/record/1460101?ln=en
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Figure 3: Normalized differential cross-section as a function of jet multiplicity for jets with
pT >30 GeV (top row) and pT >60 GeV (bottom row). In the figures on the left the data
are compared with predictions from MADGRAPH and POWHEG interfaced with PYTHIA and
MC@NLO interfaced with HERWIG. The figures on the right show the behaviour of the MAD-
GRAPH generator when varying the Q2 and matching scales. The errors on the data points
indicate the statistical (inner bars) and the total uncertainty.

2           3          4           5         ≥6

tt + X (2)
tt+jets: jet multiplicity in tt dilepton final state 

QCD radiation
Test of event generator, final state
model and QCD scales

tt+bb: Ratio of light flavor to b-flavored jets
(dilepton final state)

important background to ttH search  
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CMS PAS TOP-12-023

CMS PAS TOP-12-024

7 TeV

7 TeV

�(tt̄bb̄)

�(tt̄jj)
= 3.6± 1.1stat ± 0.9syst%

_
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- -
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-

http://cdsweb.cern.ch/record/1478672
http://cdsweb.cern.ch/record/1478672
http://cdsweb.cern.ch/record/1479150
http://cdsweb.cern.ch/record/1479150
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Top Production Charge 
Asymmetry
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Contribution from qq only
LO:    no charge asymmetry expected
NLO: Interference between qq diagrams
• correlates (anti-)top quark direction with 

incoming (anti-) quark direction  

18

12.09.2012 Yvonne Peters 10

Tevatron and LHC Difference

 Tevatron: pp is CP eigenstate → pp (LHC) is not
→ different way to measure the effect at Tevatron and LHC

 LHC: Quarks valence quarks, antiquark always from the sea 
→ antitop less boosted and more central than top in case of asymmetry 

 LHC: Measure charge asymmetry

AC=
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Asymmetry Idea

+

+

 LO: No charge asymmetry expected

 NLO QCD: Interference between qq diagrams

 Asymmetry in QCD:Interference of C=1 and C=-1 amplitudes are odd 
under t ↔ t    → cause asymmetry

 Tree level and box diagrams:

 Positive asymmetry

 

 Initial and final state radiation:

 Negative asymmetry
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 LO: No charge asymmetry expected

 NLO QCD: Interference between qq diagrams

 Asymmetry in QCD:Interference of C=1 and C=-1 amplitudes are odd 
under t ↔ t    → cause asymmetry

 Tree level and box diagrams:

 Positive asymmetry

 

 Initial and final state radiation:

 Negative asymmetry

ISR/FSR: negative asymmetry

tree-level and box diagrams: positive asymmetry

12.09.2012 Yvonne Peters 10

Tevatron and LHC Difference

 Tevatron: pp is CP eigenstate → pp (LHC) is not
→ different way to measure the effect at Tevatron and LHC

 LHC: Quarks valence quarks, antiquark always from the sea 
→ antitop less boosted and more central than top in case of asymmetry 

 LHC: Measure charge asymmetry

AC=
N ∣y∣0−N ∣y∣0

N ∣y∣0N ∣y∣0
AFB
t t
=
N  y0−N  y0

N  y0N  y0

LHCTevatron

y=
1

2
ln 
E pz
E− pz



  y= y
t
 - y

t
   |y|= |y

t
| - |y

t
| AFB AC

12.09.2012 Yvonne Peters 10

Tevatron and LHC Difference

 Tevatron: pp is CP eigenstate → pp (LHC) is not
→ different way to measure the effect at Tevatron and LHC

 LHC: Quarks valence quarks, antiquark always from the sea 
→ antitop less boosted and more central than top in case of asymmetry 

 LHC: Measure charge asymmetry

AC=
N ∣y∣0−N ∣y∣0

N ∣y∣0N ∣y∣0
AFB
t t
=
N  y0−N  y0

N  y0N  y0

LHCTevatron

y=
1

2
ln 
E pz
E− pz



  y= y
t
 - y

t
   |y|= |y

t
| - |y

t
| 

12.09.2012 Yvonne Peters 10

Tevatron and LHC Difference

 Tevatron: pp is CP eigenstate → pp (LHC) is not
→ different way to measure the effect at Tevatron and LHC

 LHC: Quarks valence quarks, antiquark always from the sea 
→ antitop less boosted and more central than top in case of asymmetry 

 LHC: Measure charge asymmetry

AC=
N ∣y∣0−N ∣y∣0

N ∣y∣0N ∣y∣0
AFB
t t
=
N  y0−N  y0

N  y0N  y0

LHCTevatron

y=
1

2
ln 
E pz
E− pz



  y= y
t
 - y

t
   |y|= |y

t
| - |y

t
| 

Top production AFB/AC

Tevatron: Forward/backward asymmetry
asymmetric initial state correlates 
top quark to proton direction

LHC: Charge asymmetry
top is correlated to valence quark
AC diluted due to large gg component

_

_
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Charge Asymmetry (e/µ+jets)

19

Phys. Lett. B717 (2012) 129

AC = 0.004± 0.010 (stat.)± 0.011 (syst.)

7 TeV

7 TeV

Inclusive and differential measurement
careful treatment of intrinsic asymmetries 
in backgrounds (W+ jets, QCD) 

 Theory prediction:

Comparison with NLO and effective axial-vector 
gluon BSM model   
No large deviations from SM - more data needed

Athy
C = 0.015± 0.0006

Green:
effective axial-vector 

coupling of gluon (EAG)

Blue:
NLO QCD

Kühn, Rodrigo  arXiv:1209.6830

E. Gabrielli et al. PRD 85 (2012) 074021

http://www.sciencedirect.com/science/article/pii/S0370269312009756
http://www.sciencedirect.com/science/article/pii/S0370269312009756
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Charge Asymmetry (ee/µµ/eµ)

20

CMS PAS TOP-12-010

Inclusive analysis in the dilepton channel:

Alternative approach using lepton charge 
asymmetry:

Compatible with SM - more data needed.

AlepC = 0.010± 0.015 (stat.)± 0.006 (syst.)

AC = 0.050± 0.043 (stat.)+0.010
�0.039 (syst.)

7 TeV

7 TeV

Krohn et al. PRD D84 (2011) 074034

AlepC =
N(|⌘l+ | > |⌘l� |)�N(|⌘l+ | < |⌘l� |)
N(|⌘l+ | > |⌘l� |) +N(|⌘l+ | < |⌘l� |)

http://cdsweb.cern.ch/record/1493476
http://cdsweb.cern.ch/record/1493476
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Single Top Cross Section
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Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                ICHEP 2012, Melbourne

2. SINGLE TOP PRODUCTION

66 pb

1.05 pb

Observation of single top production: 
cross section v Vtb

2

study top-polarization and EWK top 
interaction

Test of non-SM phenomena:
4th generation
FCNC couplings
W’ , H±

anomalous Wtb couplings

2.08 pb 0.22 pb

Signal – background discrimination:
Tevatron:  multivariate methods (neural networks, boosted 

decision trees, matrix element method)
LHC: cut-based or multivariate method 

Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 

Single top production 
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FIG. 1: Discriminant distributions for the !+ !ET +jets analyses. The data are indicated with points, and the predictions are
shown separately for each contribution with stacked histograms. The signal expectations shown are the SM predictions. The
insets show the distributions of the candidate events in the high-discriminant region.
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FIG. 2: Discriminant distributions for the (a) SD, and (b) MJ analyses (see Fig. 1 for their caption and legend). Figure (c)
shows the distribution of the likelihood ratio test statistic −2 ln Q.

sample with s/b > 5.0 in the most sensitive region, al-
lowing for a significant outcome in the presence of these
conservative systematic uncertainties. We observe single
top quark production for the first time with a significance
of 5.0 standard deviations.

We thank the Fermilab staff and the technical staffs
of the participating institutions for their vital contribu-
tions. This work was supported by the U.S. Department
of Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
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des Particules/CNRS; the Russian Foundation for Ba-
sic Research; the Ministerio de Ciencia e Innovación,
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vak R&D Agency; and the Academy of Finland.

CDF: 2009 CMS: 2011

Predictions t-channel (σtqb) s-channel (σtb) tW-channel
Tevatron 2.26 pb 1.04 pb 0.28 pb
LHC (7 TeV) 64.6 pb 4.6 pb 15.7 pb

N. Kidonakis, Phys. Rev. D 83, 091503(R) (2011);  Phys. Rev. D 81, 054028 (2010); Phys. Rev. D 82, 054018 (2010)
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Single Top t-channel (7 TeV)

23

Signature: (b,l,ν)+1 forward jet
Analysis performed in #jet (2-4)/#b-tag (0-2) bins 
Three analysis approaches:

|ηj’| : maximum likelihood fit to the 
pseudorapidity of forward jet
multivariate discriminants (NN, BDT)

Dominant backgrounds:
suppress EWK background 
MT(W)> 40 GeV for W→µν
      ET > 35 GeV for W→eν 

Determine W+ jets from M(lνb) sideband
QCD from fits to MT(W)[µ] and ET[e] 

Combination of three analyses with BLUE:

Extraction of Vtb:

8 7 Neural Network Analysis
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Figure 3: Distributions of m`nb requiring |hj0 | > 2.8, for muons (left) and electrons (right), ob-
tained by normalising each process yield to the value from the fit. Because of limited simulated
data, the background distribution is smoothed by using a simple spline curve.
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Figure 4: Distinct single-top-quark t-channel features in the SR for |hj0 | > 2.8, for the electron
and muon final states combined. The charge of the lepton (left) and cos q⇤ (right). All processes
are normalised to the fit results. Because of limited simulated data, the background distribution
is smoothed by using a simple spline curve (right).

frame. The observed charge asymmetry and the cos q⇤ distribution are presented in Fig. 4 for
muon+electron events in the SR, for |hj0 | > 2.8.

7 Neural Network Analysis
In the NN analysis, several kinematic variables, which are characteristic of SM single-top-quark
production, are combined into a single discriminant by applying an NN technique. The NEU-
ROBAYES package [26, 27] used for this NN analysis combines a three-layer feed-forward NN
with a complex, but robust, preprocessing. To reduce the influence of long tails in distributions,
input variables are transformed to be Gaussian distributed. In addition, a diagonalisation and
rotation transformation is performed such that the covariance matrix of the transformed vari-
ables becomes a unit matrix. To obtain good performance and to avoid overtraining, the NN
uses Bayesian regularisation techniques for the training process. The network input layer con-
sists of one input node for each input variable plus one bias node. The hidden layer is adapted
to this particular analysis and consists of one more node than the input layer. The output node
gives a continuous discriminator output in the interval [�1, 1]. For the training of the NN,

7

ysis determines the W+jets background yield and |hj0 | distribution from data. The |hj0 | distribu-
tion for W+jets process is extracted from the SB by subtracting the |hj0 | distribution of all other
processes from the data. The event yield and |hj0 | distributions used for these subtractions are
taken from simulations of tt, single-top-quark s- and tW- channels, and diboson production.
The QCD multijet event yield and |hj0 | distribution are extracted from data and extrapolated
to the SB as described in Section 5.1. The |hj0 | distribution for W+jets processes in the SB is
therefore used in the SR for the signal extraction procedure (see Section 6), assuming that the
shapes in the SB and SR are compatible with each other. For the muon channel, the compati-
bility of the distributions in the two regions has been verified through a Kolmogorov–Smirnov
compatibility test, yielding a p-value of 0.47, and a c2 test, yielding a p-value of 0.63. For the
electron channel, the Kolmogorov–Smirnov compatibility test has a p-value of 0.51 and the c2

test a p-value of 0.60. The stability of the extracted shape has been tested by varying the sample
composition in terms of tt and signal fractions by 20% and 100%, respectively. The extracted
shapes are compatible with a p-value greater than 0.9 in both cases.

6 The |hj0| Analysis
The signal yield is extracted using a maximum-likelihood fit to the observed distribution of
|hj0 |. The signal distribution for the fit is taken from simulation. The W/Z+jets component of
the background is normalised to the value obtained from the extraction procedure described in
Section 5.2, and then added to the diboson processes, resulting in the electroweak component
of the background for the fit. The signal and the electroweak components are unconstrained
in the fit, whereas the QCD multijet component is fixed to the result determined in Section 5.1.
A Gaussian constraint is applied to tt and other top-quark backgrounds. Figure 2 shows the
distribution of |hj0 | obtained from the fit. Figure 3 shows the distribution of the reconstructed
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Figure 2: Result of a simultaneous fit to |hj0 | in the muon (left) and electron (right) decay
channels.

top-quark mass m`nb normalised to the fit results, restricting to the highly enriched region of
single-top-quark events for |hj0 | > 2.8.

Single-top-quark t-channel production at the LHC is expected to be characterised by two fea-
tures. First, the top-quark cross section is about a factor two larger than the top-anti-quark cross
section [7]. This can be experimentally accessed via the charge of the muon or electron. Second,
top quarks are almost 100% polarised with respect to a certain spin axis due to the V-A nature
of the couplings. This can be studied via the cos q⇤ distribution [25], where q⇤ is defined as the
angle between the charged lepton and the non-b-tagged jet, in the reconstructed top-quark rest

m(lvb) for |ηjet'| > 2.8

|ηjet'|

7 TeV

7 TeV

|Vtb| = 1.020± 0.046 (meas.)± 0.017 (theor.)

9%
�t�ch. = 67.2± 6.1 pb

/ 

JHEP 12 (2012) 035

0.92 < |Vtb|  1, at 95% confidence level
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Single Top tW (7 TeV)
significant production mode at the LHC
dilepton ee/µµ/eµ

opposite charge from 2 Ws
signal: exactly one b-tagged jet
background (tt): 2 jets, 1 or 2 b-tags

major background tt 
estimated from background side bands 

simultaneous fit of BDT discriminant in 
signal region for 3 flavor combinations 
and event yields of control regions

signal firmly established (4σ):

compatible with Standard Model
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Single Top t-channel (8 TeV)
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single top/anti-top t-channel production depends on u/d pdf
lepton charge (+/-) correlated with u(d) pdf
Theoretical prediction:

perform |ηj’| analysis separately by lepton charge 

8 TeV

�t�ch, t = 49.6± 2.0 (stat.)± 8.8 (syst.) pb

�t�ch, t̄ = 28.2± 2.2 (stat.)± 4.8 (syst.) pb

Rt�ch = 1.76± 0.14 (stat.)± 0.21 (syst.)
19%

8 TeV

New!

N. Kidonakis, arXiv:1205.3453
�
t�ch, theory = 56.4 pb (top) + 30.7 pb (anti-top) = 87.1 pb

�t�ch = 80.1± 5.7 (stat.)± 11.0 (syst.)± 4.0 (lumi.) pb
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t-channel single top quark production

Theory Comparison

Good agreement with NNLO (approx) theory
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Conclusions
Precision era of top physics at the LHC in full swing

inclusive cross section measurements (CMS dilepton 5%) compete 
with theory precision

Differential cross section measurements probe pQCD further
• new results at √s= 8 TeV

Measurements of tt+X ( jets, b-jets, ET, W/Z ) at 7 TeV 
• important SM backgrounds, access to couplings, SM test 

Top charge asymmetry AC complementary to AFB at Tevatron
• no large deviation from SM observed 

Single top production measurements enter precision regime 
• new charge dependent t-channel result at √s= 8 TeV

Many more measurements to come @ √s= 8 TeV! 
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