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Motivation
·•Top Quark is special
·•Heaviest known particle

·•Maximum sensitivity to Higgs (EWK loops, gg → H)

·•τ ~ 5x10-25 s: decay before hadronization: "bare quark"

·•Direct access to spin and charge

·•Search for New Physics
·•New physics might preferentially couple / decay to top

·•Non-standard couplings ?

·•Precision measurements of SM parameters
·•Total cross sections, differential distributions

·•Properties (mass, spin structure, asymmetries, Vtb …)
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Precise top quark measurements
→ tighten constraints on standard model parameters

→ sensitivity to New Physics

Teilchenphysik mit höchstenergetischen Beschleunigern:
WS 11/12, 09: Top Physik

Frank Simon (fsimon@mpp.mpg.de)

Top: Sonderrolle im SM
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• Dem Top-Quark kommt eine Sonderrolle im SM zu: 

• Es ist mit Abstand das schwerste Fermion im SM

• Die Masse ist vergleichbar mit der Elektroschwachen Skala, durch die hohe Masse 
könnte es ein Fenster zu Neuer Physik sein

• Seine Lebensdauer ist kürzer als die Hadronisierungs-Zeit: Es bildet keine 
gebundenen Zustände!
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Figure 4: Contours of 68% and 95% CL obtained from scans of fixed MW and mt. The blue (grey) areas
illustrate the fit results when including (excluding) the new MH measurements. The direct measurements
of MW and mt are always excluded in the fit. The vertical and horizontal bands (green) indicate the 1�
regions of the direct measurements.

The measured value of MH together with the fermion masses, the strong coupling strength ↵S(M2

Z)
and the three parameters defining the electroweak sector and its radiative corrections (chosen

here to be MZ , GF and �↵(5)

had

(M2

Z)) form a minimal set of parameters allowing one, for the
first time, to predict all the other SM parameters/observables. A fit using only this minimal
set of input measurements6 yields the SM predictions MW = 80.360 ± 0.011 GeV and sin2✓`

e↵

=
0.23152± 0.00010. The ��2 profile curves of these predictions are shown by the solid black lines
in Fig. 3 (bottom left) and (bottom right). The agreement in central value and precision of these
results with those from Eq. (4) and (7) (cf. blue bands in the plots) illustrates the marginal
additional information provided by the other observables.

Figure 4 displays CL contours of scans with fixed values of MW and mt, where the direct measure-
ments of MW and mt were excluded from the fit. The contours show agreement between the direct
measurements (green bands and data point), the fit results using all data except the MW , mt and
MH measurements (grey contour areas), and the fit results using all data except the experimental
MW and mt measurements (blue contour areas). The observed agreement again demonstrates the
impressive consistency of the SM.

Following the approach in [6] we extract from the electroweak fit the S, T, U parameters [35, 36]
describing the di↵erence between the oblique vacuum corrections as determined from the experi-
mental data and the corrections expected in a reference SM (SM

ref

defined by fixing mt and MH).
After the recent discovery, we change our definition of the reference SM for the S, T, U calculation

6
For ↵S(M

2
Z) we use the result from Table 1.

arXiv:1209.2716

•  Sensitive to Higgs mass through EWK loop corrections 
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Top quark production   

•  Major source of background for many searches   

•  New physics may preferentially couple/decay to top 

M. Aldaya SM@LHC, 11.04.13 

  Top quarks: key to QCD, electroweak (EWK) and new physics 

•  Large mass  large coupling to Higgs (y ~ 1)   

•  Decays before hadronising: “bare” quark 
δmW ∝ mt

2 

δmW∝ ln(mH) 

  LHC is a ‘top factory’: several million tt events produced at 7 & 8 TeV !!  

 Tool for precise tests of Standard Model (SM), sensitive probe to New Physics 

•  Great opportunity to study the details of tt production mechanisms 
•  In particular, through top-quark kinematic distributions    

•  Production of tt in association with QCD jets or additional particles  
could reveal new physics ; background to ttH and BSM searches 

•  Theory predictions & models need to be tuned & tested with measurements  
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·•LHC 2010-2012: Top Quark Factory 
·•peak inst. luminosity: 8 x 1033 cm-2s-1              

➔ 7000 top quark pairs per hour (8 TeV)

·•> 25 fb-1 recorded                                           
➔  > 5,000,000 top each CMS and ATLAS

The CMS Experiment at the LHC
·•Total Weight 14000 t

·•Diameter 15 m

·•Magnetic Field 3.8 T

·•Silicon Pixel and Strip Trackers

·•Crystal ECal, Brass HCal

·•Muon Chambers, DT, RPC, CSC

·•Trigger L1: 100kHz, ~500 Hz to tape



 Andreas B. Meyer                                                                         Top Quark Physics, Highlights from CMS                                                                          LC2013  28 May 2013                                                

)&H*',%'&#6(9+*(:+;(<'26"*'<'&#6(
(QS-/&"#-+BVI$B'+&

“Track counting” tagger 
Discriminator: IP significance 
of the nth track 

Secondary vertex tagger 
Discriminator based on 3D 
flight distance 

@Py;:ygP(Y'Z(

• (K*"-%2$(%&H*',%'&#(j(*'E"%*'6('i-'$$'&#(#*2-F'*(
;'*9+*<2&-'(2&,(2$%H&<'&#(((

• (M2#2(,*%1'&(,'#'*<%&2.+&(+9(#4'('o-%'&-5(I(<%6B#2H(
*2#'Q((:5;%-2$("&-'*#2%&#5(+&(#4'('o-%'&-5(%6(CPBCg[(

M%,2*(M+7"*(((((((((((((((((((((((((((((((( ( ( ((((((((((((((CC/OP((((((((((((((((((((((((((((((((((((((((((((((((((((( ((((((((((((((( ((((()K33(Q()6#2&7"$Q(NPCC(

·• Isolated Leptons (e, µ or τ)
·• isolation cuts against QCD backgrounds

·•Jet (and ETmiss) 
·•particle flow (track/calo combination)

·•optimal resolution and scale uncertainties, 

·•minimal flavour response differences

·•Pile-up subtraction
·•based on charged component

·•b-tagging 
·• combination of several techniques (vertex, impact 

parameter, track distributions within jets)

4.4 Performance of the algorithms in simulation 9
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Figure 5: Distributions of (a) the secondary vertex multiplicity and (b) the CSV discriminator.
Selection and symbols are the same as in Fig. 1.

• the flight distance significance in the transverse plane (“2D”);
• the vertex mass;
• the number of tracks at the vertex;
• the ratio of the energy carried by tracks at the vertex with respect to all tracks in the

jet;
• the pseudorapidities of the tracks at the vertex with respect to the jet axis;
• the 2D IP significance of the first track that raises the invariant mass above the charm

threshold of 1.5 GeV/c2 (tracks are ordered by decreasing IP significance and the
mass of the system is recalculated after adding each track);

• the number of tracks in the jet;
• the 3D IP significances for each track in the jet.

Two likelihood ratios are built from these variables. They are used to discriminate between b
and c jets and between b and light-parton jets. They are combined with prior weights of 0.25
and 0.75, respectively. The distributions of the vertex multiplicity and of the CSV discriminator
are presented in Fig. 5.

4.4 Performance of the algorithms in simulation

The performance of the algorithms described above is summarized in Fig. 6 where the predic-
tions of the simulation for the misidentification probabilities (the efficiencies to tag non-b jets)
are shown as a function of the b-jet efficiencies. For loose selections with 10% misidentification
probability for light-parton jets a b-jet tagging efficiency of ⇠ 80–85% is achieved. In this re-
gion the JBP has the highest b-jet tagging efficiency. For tight selections with misidentification
probabilities of 0.1%, the typical b-jet tagging efficiency values are ⇠ 45–55%. For medium
and tight selections the CSV algorithm shows the best performance. As can be seen in Fig. 6,
the TC and SSV algorithms cannot be tuned to provide good performance for the whole range
of operating points. Therefore two versions of these algorithms are provided, with the “high
efficiency” version to be used for loose to medium operating points and the “high purity” ver-
sion for tighter selections. Because of the non-negligible lifetime of c hadrons the separation
of c from b jets is naturally more challenging. Due to the explicit tuning of the CSV algorithm
for light-parton- and c-jet rejection it provides the best c-jet rejection values in the high-purity
region.

Experimental Ingredients

4

BTV-12-001

 (GeV)
T

p
20 100 200 1000

Ab
so

lu
te

 s
ca

le
, D

at
a 

/ M
C

0.92

0.94

0.96

0.98

1

1.02

1.04
+jetγ

Zee+jet
+jetµµZ

JEC extrapolation

| < 1.3η|

 0.004 (stat.)±Data / MC = 0.983 
 / NDF = 17.8 / 202χ

 = 8 TeVs-1CMS preliminary, L = 1.6 fb

CMS-DP-2012/012

b-tagging

Jet energy scale



 Andreas B. Meyer                                                                         Top Quark Physics, Highlights from CMS                                                                          LC2013  28 May 2013                                                

Top Quark Properties in Production and Decay
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·•Production
·•Properties
·•Single Top
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pp
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branching ratios, rare 

decays, W-helicity, 
new particles
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width, lifetime

cross sections, 
kinematics, QCD 

parameters, 
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new particles

cross sections
properties, couplings,

QCD parameters

asymmetries,
spin correlations,

color flow

Top Quark Pairs

EWK Single-Top Production
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Top Quark Production
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LHC (gg→tt) and Tevatron (qq→tt): complementary production

June 21, 2012 0:12 WSPC/INSTRUCTION FILE topreview

Top Quark Physics at the LHC: A Review of the First Two Years 5
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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

LHC (7TeV) Tevatron
gg ~80% ~15%
qq ~20% ~85%

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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Top Quark Pairs

EWK Single-Top Production
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LHC (7TeV) Tevatron
gg ~80% ~15%
qq ~20% ~85%

7

_

Good perturbative convergence: scale variation @ LHC 
  Independent F/R scales 
  mt=173.3 

  Good overlap of various orders (LO, NLO, NNLO). 
  Suggests our (restricted) independent scale variation is good 

tT x-section at NNLO                                                                           Alexander Mitov                                                              Top WG mtg, 19 April 2013 

Czakon, Fiedler, Mitov 1303.6254 [hep-ph]

NNLO
NLO
LO

3
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mate NNLO with leading Born term (thin red line).

Our fits return the value c0 = −31.96 + 0.1119NL which
falls within the range estimated in Ref. [24].
The parton level results derived in this section can be

used to derive an estimate for the so-far unknown con-
stant C(2)

gg appearing in the threshold approximation [17].
Expanding Eq. 5 around the limit β → 0 we obtain

C(2)
gg = 338.179− 26.8912NL + 0.142848N2

L . (14)

As explained in Ref. [25], the estimate (14) for C(2)
gg

has to be used with caution and a sizable uncertainty
should be assumed. We have no good way of estimating
the error on the extracted constant and to be reasonably
conservative in the following we take this error to be 50%.

The constant C(2)
gg is related [26] to the hard matching

coefficientsH(2)
gg,1,8 needed for NNLL soft gluon resumma-

tion matched to NNLO. However, since our calculation
deals with the color averaged cross-section, we cannot

extract both constants H(2)
gg,1,8. We proceed as follows.

Close to threshold, the color singlet and color octet

contributions to σ(2)
gg have independent constant terms

C(2)
gg,1,8, with the constant C(2)

gg in Eq. (14) being their
color average. We parameterize the second, unknown,

combination of C(2)
gg,1,8 by their ratio R(2)

gg ≡ C(2)
gg,8/C

(2)
gg,1,

which has the advantage of being normalization inde-

pendent. For any guessed value of R(2)
gg , together with

Eq. (14), we can extract values for the hard matching

constants H(2)
gg,1,8. As a guide for a reasonable value of

R(2)
gg we take the one-loop result (see [17, 25]): R(1)

gg ≡
C(1)

gg,8/C
(1)
gg,1 = 2.18.

In the following we vary R(2)
gg in the range 0.1 ≤ R(2)

gg ≤
8; for each value of R(2)

gg we then vary the color av-

eraged constant C(2)
gg by additional 50%. We observe

that as a result of this rather conservative variation,
the NNLO+NNLL theoretical prediction for LHC 8 TeV
changes by 0.4% (in central value) and by 0.2% (in scale
dependence). Given the negligible phenomenological im-
pact of these variations, we choose as our default values:

H(2)
gg,1 = 53.17, H(2)

gg,8 = 96.34 (forNL = 5) , (15)

derived from Eq. (14) and the mid-range value R(2)
gg = 1.

CALCULATION OF gg → tt̄+X THROUGH O(α4
S)

The calculation of the O(α4
S) corrections to gg → tt̄+

X is performed in complete analogy to the calculations
of the remaining partonic reactions [12–14]. The two-
loop virtual corrections are computed in [27], utilizing
the analytical form for the poles [28]. We have computed
the one-loop squared amplitude; it has previously been
computed in [29]. The real-virtual corrections are derived
by integrating the one-loop amplitude with a counter-
term that regulates it in all singular limits [30]. The
finite part of the one-loop amplitude is computed with
a code used in the calculation of pp → tt̄ + jet at NLO
[31]. The double real corrections are computed in [11].
Factorization of initial state collinear singularities as well
as µF,R scale dependence is computed in a standard way;
see Refs. [13, 14].

PHENOMENOLOGICAL APPLICATIONS

In table I we present our most precise predictions
for the Tevatron and LHC at 7, 8 and 14 TeV.
All numbers are computed for m = 173.3 GeV and
MSTW2008nnlo68cl pdf set [32] with the program
Top++ (v2.0) [33]. Scale uncertainty is determined
through independent restricted variation of µF and µR.
Our best predictions are at NNLO and include soft gluon

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.164 +0.110(1.5%)
−0.200(2.8%)

+0.169(2.4%)
−0.122(1.7%)

LHC 7 TeV 172.0 +4.4(2.6%)
−5.8(3.4%)

+4.7(2.7%)
−4.8(2.8%)

LHC 8 TeV 245.8 +6.2(2.5%)
−8.4(3.4%)

+6.2(2.5%)
−6.4(2.6%)

LHC 14 TeV 953.6 +22.7(2.4%)
−33.9(3.6%)

+16.2(1.7%)
−17.8(1.9%)

TABLE I: Our best NNLO+NNLL theoretical predictions for
various colliders and c.m. energies.

resummation at NNLL [26, 34].
In this letter we take A = 0 as a default value for the

constantA introduced in Ref. [35]. The reason for switch-
ing to a new default value for A (compared to A = 2 in
[12–14, 26]) is that this constant is consistently defined
only through NLO. Nonetheless it contributes at NNLO
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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 Quark Pair Production

full NNLO available since very recently - scale and pdf uncertainties 2-3%
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) (pb)t(tσ

0 50 100 150 200 250 300
-0.7

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. 

+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
Approx. NNLO+NNLL QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
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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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

Total tt Cross Section at 7 TeV

8

4.2%

tt measured in all decay channels (except        )  - all consistent⌧⌧
7
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) (pb)t(tσ

0 100 200 300 400
-0.5

3.8

CMS prel. combined  10 pb± 11 ±  3 ±227 
 lumi.)± syst. ± stat. ±(val. 

)µ,eµµCMS prel. (ee,  10 pb± 11 ±  3 ±227 
TOP-12-007 (L=2.4/fb)  lumi.)± syst. ± stat. ±(val. 

+jets)µCMS prel. (e/  10 pb±  26
29 ±  9 ±228 

TOP-12-006 (L=2.8/fb)  lumi.)± syst. ± stat. ±(val. 

 = 8 TeVsCMS Preliminary, 

NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254 (2013)
Approx. NNLO+NNLL QCD, Kidonakis, arXiv:1205.3453 (2012)
Approx. NNLO+NNLL QCD, Cacciari et al., arXiv:1111.5869 (2011)

 PDF uncertainty)⊗Approx. NNLO+NNLL QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale 
Approx. NNLO+NNLL QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale uncertainty)

Total tt Cross Section at 8 TeV
Lepton (e/µ) + jets: tt̄ ! `⌫qq̄bb̄ @ 8 TeV

First measurement in the lepton + jets channel at 8 TeV!

CMS-PAS-TOP-12-006

Require 1 isolated high-pT µ/e, veto on
additional leptons, � 4 jets, and � 1
b-tagged jet

QCD multijet background shape and
normalization from data

Binned likelihood fit of the invariant mass
of the b-jet and the lepton (Mlb)

Cross-check: uses the mass of the
three-jet combination with the highest pT

�tt̄ = 228.4± 9.0(stat.)±29.0
26.0 (syst.)± 10.0(lumi.) pb, ��tt̄/�tt̄ ⇠ 14%

Main systematics: b-tagging e�ciencies ⇠ 8%, jet energy scale ⇠ 5%
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NEW
$

Dilepton (e, µ): tt̄ ! `⌫`⌫bb̄ @ 8 TeV

First measurement in the dilepton channel at 8 TeV!

CMS-PAS-TOP-12-007

Require 2 OS isolated and high-pT
leptons, veto Z-mass region for ee &
µµ, � 2 jets, minimum Emiss

T , � 1
b-tagged jet

DY and non-W/Z lepton backgrounds
estimated from data

Cut-based analysis performed in three
categories ee, eµ, µµ; combined using
BLUE

Very clean sample after the di↵erent
selection steps
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CMS measurements using first part of 2012 data 
Both di-lepton and lepton+jets channels 

Good agreement with theory observed (looking fwd to full NNLO) 

CMS PAS TOP-12-006 
CMS PAS TOP-12-007 

Lepton (e/µ) + jets: tt̄ ! `⌫qq̄bb̄ @ 8 TeV

First measurement in the lepton + jets channel at 8 TeV!

CMS-PAS-TOP-12-006

Require 1 isolated high-pT µ/e, veto on
additional leptons, � 4 jets, and � 1
b-tagged jet

QCD multijet background shape and
normalization from data

Binned likelihood fit of the invariant mass
of the b-jet and the lepton (Mlb)

Cross-check: uses the mass of the
three-jet combination with the highest pT

�tt̄ = 228.4± 9.0(stat.)±29.0
26.0 (syst.)± 10.0(lumi.) pb, ��tt̄/�tt̄ ⇠ 14%

Main systematics: b-tagging e�ciencies ⇠ 8%, jet energy scale ⇠ 5%
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NEW
$

 ̄ = 228.4 ± 9.0(stat.) ±29.0 (syst.) ± 10.0(lumi.) pb,  ̄/ ̄ ⇠ 14% tt 26.0 

Main systematics: b-tagging e⇠ 8%, jet energy scale ⇠ 5%

QCD multijet background shape and normalization from data
Binned likelihood fit of the invariant mass of the b-jet and the lepton (Mlb)

t ̄t = 226.8 ± 3.1(stat.) ± 10.7(syst.) ± 10.0(lumi.) pb, t ̄t/t ̄t ⇠ 6.6%
Main systematics: lepton e⇠ 2%, jet energy scale ⇠ 3%

DY and non-W/Z lepton backgrounds estimated from data
Cut-based analysis performed in three categories ee, eμ, μμ; combined using BLUE

�tt̄(8 TeV)

�tt̄(7 TeV)
= 1.41± 0.11

Rise with energy 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 6 

Authors Cross section at 8 TeV 
[pb] (+-scale +-PDF) 

Details 

Moch et al. 
(arXiv:1203.6282) 

250 +14-18 +6-6 MSTW 68%CL , 
m_t=173 GeV 

Moch et al. 203 +11-15 +9-9 ABM11 68%CL 

Cacciari et al. 
(arXiv:1111.5869) 

229 +18-20 +6-6 M_t=173.3 GeV, 
MSTW 68%CL 

Kidonakis 
(arXiv:1205.3453) 

234 +10-7 +12-12 MSTW 90%CL 

Ahrens et al. 
(arXiv:1105.5824) 

225 +12-12 +11-12 MSTW 90%CL, 
mt=173.1 GeV 

• R(8 TeV / 7 TeV) = 1.41 +/- 0.10 
exp. unc. uncorrelated 
(pessimistic) 

• Plan also double ratios e.g. tt/Z(8) 
/ tt/Z (7) – sensitive to new 
physics (see e.g. Mangano, Rojo) 

Cross section rise  
with energy confirmed 

M(lepton-bjet)

N(bjet)

·•e/µ+jets channel
·•Template fit to Mlb

·•QCD bg shape from data

·•Systematics: 

·•b-tagging

·• jet-energy scale

·•dilepton channel
·•Cut-and-count

·•High purity, high statistics

·•Systematics: 

·• lepton-ID

·• jet-energy scale

9

�tt̄(8 TeV)

�tt̄(7 TeV)
= 1.41± 0.11

2.4/2.8 fb-1

σtt = 227 ± 3stat ± 11syst ± 10lumi pb

6.6%

TOP-12-006
TOP-12-007

_
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)-1CMS prelim. combined 8 TeV (2.8 fb

)-1LHC prelim. combined 7 TeV (0.7-1.1 fb
)-1CMS dilepton 7 TeV (2.3 fb

)-1Tevatron prelim. combined (up to 8.8 fb
)-1CDF prelim. combined (up to 8.8 fb

)-1D0 combined (5.4 fb

Approx. NNLO QCD (pp)
Scale uncertainty

 PDF uncertainty⊗Scale 
)pApprox. NNLO QCD (p

Scale uncertainty
 PDF uncertainty⊗Scale 

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

10

Total tt Cross Section
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·•Measure top quark kinematic distributions
·•Scrutinize theory predictions and models

·•Ensure that acceptances, efficiencies are correct

·•Enhance sensitivity to new physics

·•Extract / use for PDF-fits (future)

·•Main analysis ingredients:
·•Kinematic reconstruction

·•Bin-wise cross section analysis

·•Regularized unfolding

5 

Reconstruction of the ttbar pair   

M. Aldaya ICHEP 2012, 05.07.12 

  Needed to reconstruct top and ttbar observables 

•  Input: 4-vectors 

•  Lepton and up to 5 leading jets 

•  2-btagged jets 

•  νl: ET
miss with pz = 0 initially 

 

•  Vary 4-vectors within their  
resolutions to satisfy: 

•  mt = mtbar 

•  mW = 80.4 GeV 

•  Permutation with the minimum χ2 is taken 
 
 

 

Lepton+jets: Kinematic fit 

Dileptons: Kinematic reco 

•  Underconstrained (2 neutrinos) 
•  2 b-jets (or leading jets), 2 leptons, 
ETmiss 

•  Constraints: 
     - mW = 80.4 GeV 
     - px,y(ν1) + px,y(ν2) = ETmiss

x,y 
     - mt = mtbar = fixed 
 

       with mt varied in steps of 1 GeV,  
       between 100 - 300 GeV  
 

•  Solution with most probable E(ν)  
compared to simulated spectrum  
is taken 

For dσ/dmtt only: 
 

•  4-vector sum of the 2 leading  
jets, 2 leptons and ETmiss 

Differential tt Cross Sections

11

_
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Figure 2: Basic kinematic distributions after event selection for the dilepton channels. The
top left plot shows the multiplicity of the reconstructed b-tagged jets. The multiplicity of the
reconstructed jets (top right), the pT of the selected isolated leptons (bottom left), and the pT of
the reconstructed jets (bottom right) are shown after the b-tagging requirement. The Z/g⇤+jets
background is determined from data (cf. Section 4.2).
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Figure 4: Distribution of top-quark and tt quantities as obtained from the kinematic recon-
struction in the dilepton channels. The left plots show the distributions for the top quarks or
antiquarks; the right plots show the tt system. The top row shows the transverse momenta,
and the bottom row shows the rapidities. The Z/g⇤+jets background is determined from data
(cf. Section 4.2).
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Figure 2: Basic kinematic distributions after event selection for the dilepton channels. The
top left plot shows the multiplicity of the reconstructed b-tagged jets. The multiplicity of the
reconstructed jets (top right), the pT of the selected isolated leptons (bottom left), and the pT of
the reconstructed jets (bottom right) are shown after the b-tagging requirement. The Z/g⇤+jets
background is determined from data (cf. Section 4.2).
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Figure 9: Normalised differential tt production cross section in the `+jets channels as a func-
tion of the pt

T (top left) and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle

right), and mtt (bottom) of the top-quark pairs. The superscript ‘t’ refers to both top quarks and
antiquarks. The inner (outer) error bars indicate the statistical (combined statistical and system-
atic) uncertainty. The measurements are compared to predictions from MADGRAPH, POWHEG,
and MC@NLO, and to NLO+NNLL [15] and approximate NNLO [16, 17] calculations, when
available. The MADGRAPH prediction is shown both as a curve and as a binned histogram.
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Figure 9: Normalised differential tt production cross section in the `+jets channels as a func-
tion of the pt

T (top left) and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle

right), and mtt (bottom) of the top-quark pairs. The superscript ‘t’ refers to both top quarks and
antiquarks. The inner (outer) error bars indicate the statistical (combined statistical and system-
atic) uncertainty. The measurements are compared to predictions from MADGRAPH, POWHEG,
and MC@NLO, and to NLO+NNLL [15] and approximate NNLO [16, 17] calculations, when
available. The MADGRAPH prediction is shown both as a curve and as a binned histogram.
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Figure 6: Normalised differential tt production cross section as a function of the pt
T (top left)

and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle right), and mtt (bottom)

of the top-quark pairs. The superscript ‘t’ refers to both top quarks and antiquarks. The inner
(outer) error bars indicate the statistical (combined statistical and systematic) uncertainty. The
measurements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO and
approximate NNLO [8] calculations, when available. The MADGRAPH prediction is shown
both as a curve and as a binned histogram.
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Figure 6: Normalised differential tt production cross section as a function of the pt
T (top left)

and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle right), and mtt (bottom)

of the top-quark pairs. The superscript ‘t’ refers to both top quarks and antiquarks. The inner
(outer) error bars indicate the statistical (combined statistical and systematic) uncertainty. The
measurements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO and
approximate NNLO [8] calculations, when available. The MADGRAPH prediction is shown
both as a curve and as a binned histogram.
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Figure 5: The 95% CL upper limits on the product of the production cross section sZ0 and the
branching fraction B of hypothesized resonances that decay into tt as a function of the invariant
mass of the resonance. The Z0 production with GZ0/mZ0 = 1.2% (a) and 10% (b) compared to
predictions based on [10] times 1.3 to account for higher-order effects [48]. The ±1 and ±2
s.d. excursions from the expected limits are also shown. The vertical dashed line indicates
the transition between threshold and boosted analysis, chosen based on the sensitivity of the
expected limit.
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Figure 6: Normalised differential tt production cross section as a function of the pt
T (top left)

and yt (top right) of the top quarks, and the ptt
T (middle left), ytt (middle right), and mtt (bottom)

of the top-quark pairs. The superscript ‘t’ refers to both top quarks and antiquarks. The inner
(outer) error bars indicate the statistical (combined statistical and systematic) uncertainty. The
measurements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO and
approximate NNLO [8] calculations, when available. The MADGRAPH prediction is shown
both as a curve and as a binned histogram.
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Figure 1: Data/MC comparison and Data/Background ratio for reconstructed distributions for
the tt invariant mass. The plots are shown in four channels: 0 b-tagged jet in (a) muon and
(b) electron channel; �1 b-tagged jets in the (c) muon and (d) electron channel. The yields
of the simulated samples are normalized to data using scale factors derived in a maximum
likelihood fit to the Mtt distribution in both channels simultaneously as detailed in the text. The
shaded band corresponds to yield changes in the SM background samples originating from the
systematic uncertainties that affect the shape of the distribution. A cross section of 1.0 pb is
used for the normalization of the Z0 samples.
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6 5 Kinematic variables of additional jets
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Figure 2: Normalised differential cross-section as a function of jet multiplicity for jets with
pT >30 GeV (top row), pT >60 GeV (middle row) and pT >100 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 MADGRAPH generator when varying the Q2 and matching scales. The
errors on the data points indicate the statistical (inner bars) and the total uncertainty.

tt+jets

15

·•Also measured (not shown here):

·•Jet Veto distributions

·•Distributions of 1st and 2nd additional jets

test of event generators, final state model and QCD scales 

_
Differential cross section 

as function of jet multiplicity
6 5 Kinematic variables of additional jets
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Figure 2: Normalised differential cross-section as a function of jet multiplicity for jets with
pT >30 GeV (top row), pT >60 GeV (middle row) and pT >100 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 MADGRAPH generator when varying the Q2 and matching scales. The
errors on the data points indicate the statistical (inner bars) and the total uncertainty.
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tt+bb and ttH
·•tt+bb
·•Dilepton Channel

·•Analysis
·•Fit to b-tag multiplicity

·•Dominant Uncertainty
·•fake b-fraction

·•MC predictions ttbb/ttjj:
·•1.2% (MADGRAPH), 1.3% (POWHEG)

·•tt-Higgs
·•tt enriched sample

·•Neural Network using variables in jet and b-tag categories

16

Sarah Boutle13

CMS ttbb/ttjj Measurement
• Exploit difference in b-jet multiplicity between ttbb and ttjj

• Event selection
- Trigger on ee/μμ and eμ events
- 2 isolated leptons (20 GeV), opposite sign
- mll > 12 GeV
- Z-veto (15 GeV around Z-mass)
- MET > 30 GeV (ee /μμ channels only)
- ≥4 jets with 30 GeV
- ≥2 b-tagged jets (≥ 4 for ttbb sample)

• Analysis strategy
- Fit b-jet multiplicity 
- Correct for acceptance to visible phase space

•Final result:

• Prediction: 1.2% (MADGRAPH) and 1.3% (POWHEG)
- NLO analytical calculation in progress

ratio of events 
(reconstructed)

correction to visible 
phase space

5 fb-1 
7TeV data

Sarah Boutle12

Significant Challenge: Backgrounds

• Most challenging background is ttbb
- Irreducible: has the same signature as ttH
- ttbb NLO calculations are available

- these suffer from large scale uncertainties due to presence of two very different energy scales: mt and 
jet pT threshold in tt and jj

- Absolute cross section difficult to measure due to small cross section

• Can measure ratio ttbb/ttjj
- Many experimental uncertainties cancel
- Expected to have a reduced dependence on scale

- Good test of NLO QCD
TOP-12-024

�(tt̄bb̄)

�(tt̄jj)
= 3.6± 1.1stat ± 0.9syst%

arXiv:1303.0763

Sarah Boutle12

Significant Challenge: Backgrounds

• Most challenging background is ttbb
- Irreducible: has the same signature as ttH
- ttbb NLO calculations are available

- these suffer from large scale uncertainties due to presence of two very different energy scales: mt and 
jet pT threshold in tt and jj

- Absolute cross section difficult to measure due to small cross section

• Can measure ratio ttbb/ttjj
- Many experimental uncertainties cancel
- Expected to have a reduced dependence on scale

- Good test of NLO QCD

_

ttH limits based on 5+5 fb-1(2011+2012) 

ttbb: first measurement available

_
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RW*and*RZ*Produc2on*
!  RV*measurement*#*test*SM*topbvector*boson*coupling.**

!  Important*background*in*new*physics*searches*and*RH*

!  The*first*cross*sec2on*measurement*of*RV.*
"  Samebsign*dilepton*signature*for*RV*(V=W,Z)*[CMS:*PAPERbTOPb12b014]*

"  Trilepton*signature*for*RZ*[CMS:*PAPERbTOPb12b014]*
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NLO Calculations
 (2012) 05207 JHEPCambell and Ellis, 

 (2012) 05611 JHEPGarzelli et al., 

CMS  = 7 TeVs at -1L =  5.0 fb

UPDATED*

Measurements*are*compa2ble*with*the*SM*NLO*predic2ons.**

·•3-Lepton Analysis
·•1 lepton (e or µ) from tt 

·•2 opposite-charge same-flavour from Z

·•3 jets, 2 b-tags, HT>120 GeV

·•2-Lepton Analysis
·•1 lepton from tt 

·•1 lepton from W (same-charge to 
remove tt dilepton and DY)

·•3 jets, 1 b-tag, HT>100 GeV

·•contamination from ttZ due to detector 
acceptance

ttZ and ttW

17

ttV signal established at 4.7σ
first measurement of ttZ 
rate consistent with SM
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ttW and ttZ production
• ttV cross section measurement is a test for SM (top-V  anomalous  couplings,  …)
• It is an important background for Higgs (ttH) and new physics

First direct measurement!

ttZ+ttW, 2-lepton
Same-sign

ttZ, 3-lepton

Compatible with the Standard Model predictions (NLO)

PRL 110 (2013) 172002
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PRL 110 (2013) 172002
[arXiv: 1303.3239]

__

σttZ = 0.28  +0.14-0.11stat  +0.06-0.03syst pb
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Top Quark Properties in Production and Decay

18

·•Production
·•Properties
·•Single Top

t̄

t
b

b̄

W+

W�

⌫`+

q̄

q

pp

couplings, Vtb, 
branching ratios, rare 

decays, W-helicity, 
new particles

mass, mass 
difference, charge, 

width, lifetime

cross sections, 
kinematics, QCD 

parameters, 
resonances, 
new particles

cross sections
properties, couplings,

QCD parameters

asymmetries,
spin correlations,

color flow

Top Quark Pairs

EWK Single-Top Production
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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
| 

·•Contribution from qq only
·•LO: No charge asymmetry expected
·•NLO: Interference between qq diagrams
·•diluted at LHC due to large gg

19
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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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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

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
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Tevatron and LHC Difference
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All available asymmetry calculations are 
effectively leading order 

_

_

FB and Charge-Asymmetry

Δ|y| = |ytop| -- |ytop|_Δy = ytop -- ytop
_
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Dependence of AFB on mtt̄ and |�y|

-10 0 10 20 30

Forward-Backward Top Asymmetry, %

Reconstruction Level
VeG < 450

tt
m

VeG > 450
tt

m

-1bfDØ, 5.4 4.8±7.8

-1bfCDF, 5.3 4.3±-2.2

-1bfCDF, 8.7 3.1±2.5
(prelim)

-1bfDØ, 5.4 .06±11.5

-1bfCDF, 5.3 .26±26.6

-1bfCDF, 8.7 .34±20.0
(prelim)

-10 0 10 20 30

Forward-Backward Top Asymmetry, %
Reconstruction Level

-1bfDØ, 5.4

1<|y∆| 4.1±6.1

1>|y∆| .79±21.3

ebber,Wrixione and B.R.FS.
, 029 (2002)06JHEP 

No significant dependence of A
FB

on mt¯t

Doug Orbaker (Rochester) Asymmetry Workshop May 2, 2012 10 / 25

AC with 1 fb-1 at the LHC 
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• Measured inclusive AFB from the Tevatron and AC from the LHC, 
compared to predictions from the SM as well as potential new physics 
contributions.

• ATLAS and CMS results are in agreement with SM.
• 6 new physics models are in tension with experimental results.

Mtt > 450 GeV

Eur.Phys.J. C72 (2012) 2039

20
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Combination of Tevatron and LHC (1 fb-1):
Several New Physics models disfavoured

35Jeannine Wagner-Kuhr Bonn, 12th January 2012

Charge asymmetry in new physics models

Z': Flavor violating Z' exchanged in            

     t-channel in uu→tt and with right-          

     handed Z'tu couplings

W': W' boson with right-handed                  

      couplings exchanged in t-channel in    

      dd→tt 

Ω4: Color-sextet scalar with right-handed    

      flavor violating tu-couplings and           

      exchanged in u-channel

ω4: Color triplet with flavor violating            

      tu-couplings, right-handed,                   

      exchanged in u-channel in uu→tt 

Gµ: Axigluon, color octet vector with axial    

     couplings

CDF result

J. Aguilar-Saavedra, M. Perez-Victoria, 
arXiv:1105.4606 

LHC charge asymmetry measurement provides complementary information

FB-asymmetry at Tevatron:
CDF: ~3 σ excess for mtt > 450 GeV 

CDF 10807

arXiv:1207.0364

AFB

arXiv:1203.4211

FB vs. Charge-Asymmetry
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10 8 Summary

Table 4: The corrected asymmetry values in three bins of the kinematic variables |ytt̄|, pT,tt̄, and
mtt̄ with statistical and systematic uncertainties, along with the SM predictions (in case of ptt

T
we compare to the values obtained from POWHEG simulation).

Kinematic variable AC in bin 1 AC in bin 2 AC in bin 3
|ytt| 0.029 ± 0.021 ± 0.010 �0.016 ± 0.015 ± 0.010 0.001 ± 0.026 ± 0.022
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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
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No significant deviation from QCD prediction  -  more statistics needed
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·•Measure kinematic dependency
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Spin Correlations

tt Spin correlation 

13 

Nucl. Phys. B 837, 90 (2010) 

Theor. Uncert. ~ 1% 

P
R

L108 (2012) 212001   

CMS PAS TOP-12-004  

TOP-12-004

Ahelicity = 0.24 ± 0.02stat ± 0.08syst 

5.0 fb-1

·•Measure spin correlation (asymmetry in helicity basis) from Δφ of leptons in dilepton channel

·•SM prediction: Ahelicity = 0.31

22

data in agreement with QCD-production of spin-½  tops

Mahlon, Parke, PRD D81, 074024 (2010)Bernreuther et al, Nucl.Phys B837, 90 (2010)

Top quarks decay before hadronization:
spin information in decay products

- Christian Schwanenberger -Top Quark Physics DESY Theory Workshop

Spin correlation strength

52

- Christian Schwanenberger -Top Quark Physics DESY Theory Workshop

Spin correlation strength

complementary between Tevatron and LHC

Tevatron

3S1

• dominated by qq annihilation
• tt pairs close to the threshold
• beam axis as spin quantisation axis
   NLO QCD: A = 0.78

• optimised “off-diagonal” basis

• dominated by gg fusion
• tt pairs far off the threshold
• helicity basis as spin quantisation axis
   NLO QCD: A = 0.32

• maximal basis

 

_
_ _

Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

g g

LHC
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b-quark content in top decay
• An indirect Vtb measurement  and  a  test  for  4’th  generation

3 quark generations

)(
)(

WqtBr
WbtBrR
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tdtstb

tb

VVV
V

Standard Model
998.0SMR

• Analysis performed in (2,3,4) jets x (3) lepton flavors categories

Signal strength is obtained using a profile likelihood ratio
with  nuisance parameters

• DY shape from data 
• tW from simulation with floating R

Correct jet-top assignment is modeled with mℓj

• Mis-assigned template is taken from data

• R is measured using a profile likelihood (w. nuis.) based 
on NO b-tagged jets (up to 4) in each category, including

• All possibilities for (in)correct jet-top assignment
• Jet-top assignment probability from data
• b-tagging and mistag efficiencies from data
• Measured signal and background normalization 

from data

CMS-TOP-12-035
TOP-12-035

·•dilepton channel
·•2 leptons, 2 jets, MET

·•extract R from profile likelihood to         
b-tag multiplicity distribution
·• including signal and background

·• correct jet assignment

·• b-tag efficiency and misidentification

·•Vtb from R assuming 3-family CKM 

Most precise measurement of R

R = BR (tWb) / BR (tWq)

4.3 Measurement of R 11

amongst others, on the input parameters of the likelihood. The most likely value for R is found
after profiling the likelihood using the same technique as described in Section 2.

4.3 Measurement of R
In the fit, R is allowed to vary without constraints. The parameters of the model are all taken
from data: ftt̄ and kst are taken from Table 2, fcorrect is taken from Table 3, #b and #q from dijet
QCD based measurements.

Figure 5 (left) depicts the resulting prediction for the number of b tags observed as a function
of R. The individual prediction for each category is summed up to build the inclusive model
for the observation of up to four b tags in all the selected events.

Figure 5 (right) shows the results obtained by maximizing the profile likelihood. The measured
value, R = 1.023+0.036

�0.034, is in good agreement with SM prediction. The results of the fit obtained
in each of the exclusive lepton channels are consistent and we obtain Ree = 0.994+0.046

�0.044, Rµµ =

1.021+0.044
�0.041 and Reµ = 1.039+0.039

�0.038 (stat+syst) for the ee, µµ and eµ channels, respectively.
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Figure 5: (Left) Probability model for the observation of different b tag multiplicities in dilepton
events with two, three or four jets as a function of R. (Right) Variation of the profile likelihood
used to extract R from the data. The variation observed in the exclusive dilepton channels is
depicted by the dashed lines. The inset shows the inclusive b tag multiplicity distribution and
the result of the fit.

The total uncertainty in the measurement of R is estimated to be 3.4%. The systematic un-
certainty is dominant and the contributions to it are summarized in Table 4. The main contri-
butions are due to the uncertainty in the b-tagging efficiency measurement and in the deter-
mination of the purity of the sample and the fraction of correct assignments from data. The
Q2 scale uncertainty in the description of tt events also affects the signal and the ISR content
of the events, and it therefore contributes to the uncertainty on R. A non-negligible source
of uncertainty is also due to the contribution from extra heavy-flavor production, either from
gluon splitting in radiation jets, either from decays in background events such as W ! cs̄. The
uncertainty on this contribution has been propagated to the computation of #q⇤ by assigning a
conservative 100% uncertainty to the c and b contributions. The effect of the uncertainty in the

R unconstrained 1.023 + 0.036 - 0.034

R constrained < 1 
95% C.L > 0.945

|Vtb| unconstrained 1.011 + 0.018 - 0.017

|Vtb| constrained < 1 
95% C.L > 0.972
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W Polarization
·•θ* distribution (angle between the p(fermion) in W rest-frame and p(W))
·•Test V-A structure of tWb-vertex, possible BSM contributions modify helicity fractions FL, FR, F0
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Figure 3: Distributions of (left) pT and (right) h of the reconstructed top quark in the positive
branch of top pair events, t ! W+b ! l+nb. The ratio between data and simulation is shown
at the bottom of the distributions.
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Figure 4: Data-Simulation comparison for the cosq⇤ distribution with systematic uncertainities.
A complete discussion about the systematical uncertainities can be found in Section 6. The ratio
between data and simulation is shown at the bottom of the distribution.

W-helicity fraction in single-top topology
• First measurement of W-helicity fractions in single-top
• A reweighting method employed in a binned likelihood

fit using cos(θ*) variable
• Simultaneous measurement of W+jets and W-helicities

• Signal is every process involves top quark μ+jets
• No bias from top-pair events

• top-pairs in dilepton channel are fitted, too
• Mutual effect between the two tops are considered

• W boson is reconstructed using W-mass constrained solutions for pz,ν
• Results at & and 8 TeV are

combined by combining 
the two likelihoods

• Correlations in systematic 
uncertainties are taken 
into account

Only t-channel with highest rate
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Figure 5: The cos(q⇤) distribution, from where the W helicity fractions are obtained. Simulated
samples are normalized according to the luminosity. The tt sample is additionally scaled by a
factor of about 10%.

FL, F0, FR is obtained by reweighting each MC event by the weight W(cos q⇤gen;~F):

W(cos q⇤gen;~F) ⌘ r(cos q⇤gen)

rSM(cos q⇤gen)
=

3
8

FL(1 � cos q⇤gen)
2 +

3
4

F0 sin2 q⇤gen +
3
8

FR(1 + cos q⇤gen)
2

3
8

FSM
L (1 � cos q⇤gen)

2 +
3
4

FSM
0 sin2 q⇤gen +

3
8

FSM
R (1 + cos q⇤gen)

2

(7)
where FSM

L , FSM
0 , FSM

R are the SM fractions that are present in the reference MC. The new distri-
bution takes automatically into account, by construction, all resolution and acceptance effects
predicted by the simulation.

The final fit to extract the measured polarization fractions is performed by implementing the
reweighting procedure in a minimization program. A Poisson likelihood function L(~F) is built,

L(~F) = ’
bin i

NMC(i;~F) Ndata(i)

(Ndata(i))!
exp (�NMC(i;~F)), (8)

using the number of observed Ndata(i) and expected NMC(i,~F) events in each cos(q⇤rec) bin i.
The number of expected events is given by:

NMC(i,~F) = NBKG(i) + Ntt(i;~F) (9)

Ntt(i;~F) = Ftt

"

Â
tt events, bin i

W(cos q⇤gen;~F)

#
(10)

NBKG(i) = NW+jets(i) + NDrell�Yan+jets(i) + NQCD(i) + NSingle�Top(i) (11)

Note also the presence of an overall normalization parameter for the tt component, Ftt, which
is not sensitive to the polarization fractions but absorbs a large fraction of the experimental
and theoretical systematic uncertainties on the predicted rates. Uncertainties on the normal-
ization of backgrounds are considered as a separate source of systematics. The final measured
fractions are the ones that maximize the likelihood function above. Special care must be taken
in reweighting methods to ensure that the statistical uncertainties on the MC prediction for
each bin are substantially smaller than the corresponding ones in data, taking also into account
degradations due to the presence of weights. This is certainly the case in the present analysis,

TOP-11-020
dilepton 7 TeV (4.6 fb-1)l+jets 7 TeV (2.2 fb-1) single top topologies 7 and 8 TeV
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Table 7: BLUE coefficients of each measurement for the overall combination.
Coefficient [%]

Measurement wF0 wFL
F0 ATLAS 2010 (single lepton) 12.4 7.2
FL ATLAS 2010 (single lepton) 19.4 11.4
F0 ATLAS 2011 (single lepton) 39.7 - 8.5
FL ATLAS 2011 (single lepton) -15.5 35.2
F0 ATLAS 2011 (dilepton) 13.2 2.7
FL ATLAS 2011 (dilepton) 5.2 15.0
F0 CMS 2011 (single lepton) 34.7 - 1.4
FL CMS 2011 (single lepton) - 9.1 38.4

Total weight: 100.0 100.0

W boson helicity fractions
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ATLAS and CMS preliminary
-1 - 2.2 fb-1=35 pbint = 7 TeV, Ls RF LF 0F

ATLAS 2011 (dilepton)
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ATLAS 2010 (single lepton)
ATLAS 2011 (single lepton)

LHC combination

NNLO QCD
Combination

)0/FL/FRData (F

Figure 1: Overview of the four measurements included in the combination as well as the re-
sults of the combination. The inner and outer error bars correspond to the statistical and the
total uncertainty, respectively. The green solid line indicates the predictions of NNLO QCD
calculations [1].

unity. Also shown are the helicity fractions predicted by NNLO QCD calculations including
the theoretical uncertainty.

7.1 Stability tests

The stability of the results against the hypotheses assumed for the correlations between ATLAS
and CMS measurements, rLHC defined in Section 5, is verified in the following way:

• Firstly, the correlation values for the systematic uncertainties which were assumed to
be either partially or fully correlated (rLHC(F0, F0) = rLHC(FL, FL) = �rLHC(F0, FL) =
0.5 or +1, respectively) were varied in steps of 0.1 between 0 and 1, while all the other
correlations were kept as described in Section 5. The partially correlated systematic
uncertainty treated in this way is that for radiation, while the fully correlated sys-
tematic uncertainties are those for the top quark mass, PDF, and background esti-
mated from simulation (W+jets and ”others”). The variations were applied to one

TOP-12-025
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Systematic Source ±DFL ±DF0

Top QScale 0.027 0.051
Top Mass 0.016 0.003

WZ QScale 0.013 0.026
DY normalization 0.009 0.014
W normalization 0.000 0.002

SingleTopTW normalization 0.002 0.008
JES 0.010 0.006

Pile-up 0.014 0.017
PDF 0.004 0.005
Total 0.040 0.063

Table 2: Summary of the systematic uncertainties for combined channels.

7 Results and conclusions

The measured polarization of the W bosons in the dileptonic tt̄ channel are presented, based
on proton-proton collisions at a centre-of-mass energy of

p
s = 7.0 TeV with the CMS detector

using total integrated luminosity of 4.6 fb�1.

The obtained helicity fractions are:

FL = 0.288 ± 0.035(stat)± 0.040(syst)
F0 = 0.698 ± 0.057(stat)± 0.063(syst)

with a correlation factor between F0 and FL to be -0.93 and

FR = 0.014 ± 0.027(stat)± 0.042(syst)

from the constraint FL + F0 + FR = 1.

This result is in good agreement with the SM predictions and is also consistent with other
measurement performed by different experiments at the LHC and the Tevatron [5, 16, 22].
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on proton-proton collisions at a centre-of-mass energy of

p
s = 7.0 TeV with the CMS detector

using total integrated luminosity of 4.6 fb�1.

The obtained helicity fractions are:

FL = 0.288 ± 0.035(stat)± 0.040(syst)
F0 = 0.698 ± 0.057(stat)± 0.063(syst)

with a correlation factor between F0 and FL to be -0.93 and

FR = 0.014 ± 0.027(stat)± 0.042(syst)

from the constraint FL + F0 + FR = 1.

This result is in good agreement with the SM predictions and is also consistent with other
measurement performed by different experiments at the LHC and the Tevatron [5, 16, 22].
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10 7 Results

energies. Although uncertainties related to b-jet identification are obtained from data samples,
they involve some theory assumptions. The same argument holds to extract the pileup distri-
bution in data. Hence for these source of uncertainty, we vary the correlation between the two
experiments from zero to 100% and we conservatively take the maximum uncertainty in this
range. The combination of the two measurements finally leads to

Systematic source DFL DF0

JES 0.007 0.007
JER 0.011 0.003

unclustered energy 0.018 0.010
pileup 0.002 0.002

b-flavored scale factor 0.003 0.001
non-b-flavored scale factor 0.001 0.002

single-top generator 0.005 0.009
Q2 scale 0.006 0.008

mtop 0.001 0.001
PDF 0.003 0.003

tt̄ normalization 0.003 0.002
QCD shape 0.003 0.003

W+jets shape 0.012 0.011
integrated luminosity 0.010 0.010

SM W-helicity reference 0.002 0.001
total systematic uncertainty 0.030 0.023

Table 3: Summary of systematics in combined likelihood.

FL = 0.293 ± 0.069(stat.)± 0.030(syst.),
F0 = 0.713 ± 0.114(stat.)± 0.023(syst.),
FR = �0.006 ± 0.057(stat.)± 0.027(syst.).

with a correlation of -0.92 between FL and F0. Figure 4 (a) illustrates the combined measured
left-handed and longitudinal W-helicity fractions with their uncertainties compared to the SM
expectations in (FL; F0) plain. The right-handed polarization, FR, is compared with the SM pre-
diction and the results from other experiments or analyses in Figure 4 (b). Consistent with the
SM expectations, the combined W-helicities are used as input to the TOPFIT [38, 39] program
to exclude the tensor terms of the tWb anomalous couplings, gL and gR. Figure 5 shows the
exclusion limits with 68% and 95% confidence level.
The tWb vertex in single-top production is not considered in the analysis. Its effect on the W-

helicity measurements is however estimated using simulated samples with VR and VL anoma-
lous couplings in both production and decay. While with the Standard Model hypothesis
(VL = 1 and VR = 0) the measurement is unbiased, there is a bias up to 1.1% (6.1%) on the
FL (FR) measurement for VL = 1 and |VR|2 < 0.3. The bias on F0 is negligible. The constraint
on VR is taken from the D0 analysis of the tWb anomalous couplings in which the W-helicity
measurement from tt̄ is combined with the limits from single-top studies [40]. The measure-
ment also remains unbiased versus the strength of the left-handed vector interaction, i.e. in a
(VL 6= 1, VR = 0) scenario.

CMS-ATLAS combination

Several measurements: All consistent with left-handed charged current
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Figure 4: Contours of 68% and 95% CL obtained from scans of fixed MW and mt. The blue (grey) areas
illustrate the fit results when including (excluding) the new MH measurements. The direct measurements
of MW and mt are always excluded in the fit. The vertical and horizontal bands (green) indicate the 1�
regions of the direct measurements.

The measured value of MH together with the fermion masses, the strong coupling strength ↵S(M2

Z)
and the three parameters defining the electroweak sector and its radiative corrections (chosen

here to be MZ , GF and �↵(5)

had

(M2

Z)) form a minimal set of parameters allowing one, for the
first time, to predict all the other SM parameters/observables. A fit using only this minimal
set of input measurements6 yields the SM predictions MW = 80.360 ± 0.011 GeV and sin2✓`

e↵

=
0.23152± 0.00010. The ��2 profile curves of these predictions are shown by the solid black lines
in Fig. 3 (bottom left) and (bottom right). The agreement in central value and precision of these
results with those from Eq. (4) and (7) (cf. blue bands in the plots) illustrates the marginal
additional information provided by the other observables.

Figure 4 displays CL contours of scans with fixed values of MW and mt, where the direct measure-
ments of MW and mt were excluded from the fit. The contours show agreement between the direct
measurements (green bands and data point), the fit results using all data except the MW , mt and
MH measurements (grey contour areas), and the fit results using all data except the experimental
MW and mt measurements (blue contour areas). The observed agreement again demonstrates the
impressive consistency of the SM.

Following the approach in [6] we extract from the electroweak fit the S, T, U parameters [35, 36]
describing the di↵erence between the oblique vacuum corrections as determined from the experi-
mental data and the corrections expected in a reference SM (SM

ref

defined by fixing mt and MH).
After the recent discovery, we change our definition of the reference SM for the S, T, U calculation

6
For ↵S(M

2
Z) we use the result from Table 1.

measured mass  …   pole mass 
Which mass are we measuring ?

Top Quark Mass

·•Direct mass measurement at Tevatron
·•m(top) = 173.20 ± 0.51stat ± 0.71sys GeV 

·•Quark mass is scheme-dependent
·•Pole-mass: viewing top quark as a free parton

·•MS scheme ('running mass'):

·•'MC mass': (N)LO+PS yet different from pole or MS mass

·•Colour Reconnection: 
·•Soft interactions not calculable in pQCD 

·•Present model uncertainties: estimated to be 0.5 … 1 GeV

25

Scheme transformations

• Conversion between different renormalization schemes possible in
perturbation theory

• Relation for pole mass and MS mass
• known to three loops in QCD Gray, Broadhurst, Gräfe, Schilcher ‘90; Chetyrkin,

Steinhauser ‘99; Melnikov, v. Ritbergen ‘99
• EW sector known to O(αEWαs)

Jegerlehner, Kalmykov ‘04; Eiras, Steinhauser ‘06
• example: one-loop QCD

mpole = m(µ)

{

1 +
αs(µ)
4π

(
4
3
+ ln

(
µ2

m(µ)2

))

+ . . .

}

Sven-Olaf Moch Interpreting top quark mass measurements – p.9

Definition of mtop

If Γtop were < 1 GeV, top would 
hadronize before decaying. Same as b-
quark

T
p1

pn

t

q

m2
T =

0

@
X

i=1,...,n

pi

1

A
2

But Γtop is > 1 GeV, top decays before 
hadronizing. Extra antiquarks must be 
added to the top-quark decay final state 
in order to produce the physical state 
whose mass will be measured

As a result, Mexp is not equal to mpoletop, 
and will vary in each event, depending 
on the way the event has evolved. 

The top mass extracted in hadron 
collisions is not well defined below a 
precision of O(Γtop)~ 1 GeV

pn

b
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q

q
_
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Goal: 
- correctly quantify the systematic uncertainty
- identify observables that allow to validate the 
theoretical modeling of hadronization in top 
decays
- identify observables less sensitive to these 
effects

q

q
_

mt = Flattice/potential models (mT, αQCD)_

_

arXiv:1209.2716

CDF:10976, D0:6381
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Top Quark Direct Mass Combination

26

Most Precise Direct Measurements and Combinations
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LHC has already reached Tevatron's precision 

)2 (GeV/ctopm
150 160 170 180 190 200

0

15

CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.87±     173.20  0.71)±0.51 ±(
  syst)± stat  ±(

CDF-II MET+Jets * 1.85±     173.95  1.26)±1.35 ±(

CDF-II track 9.46±     166.90  2.90)±9.00 ±(

CDF-II alljets 2.07±     172.47  1.49)±1.43 ±(

CDF-I alljets 11.51±     186.00  5.70)±10.00 ±(

DØ-II lepton+jets 1.49±     174.94  1.24)±0.83 ±(

CDF-II lepton+jets 1.11±     172.85  0.98)±0.52 ±(

DØ-I lepton+jets 5.31±     180.10  3.60)±3.90 ±(

CDF-I lepton+jets 7.36±     176.10  5.30)±5.10 ±(

DØ-II dilepton 2.76±     174.00  1.44)±2.36 ±(

CDF-II dilepton 3.79±     170.56  3.09)±2.19 ±(

DØ-I dilepton 12.82±     168.40  3.60)±12.30 ±(

CDF-I dilepton 11.41±     167.40  4.90)±10.30 ±(

Mass of the Top Quark
(* preliminary)March 2013

/dof = 8.5/11 (67%)2r

5 

TEVATRON TOP MASS MEASUREMENTS 
Tevatron (CDF+D0) Combination 
CDF Conf. note 10976, D0 Conf note 6381 

!  Using Best Linear Unbiased 
Estimator 

!  12 measurements combined 
!  Categorisation of systematic 

uncertainties chosen so that they 
are either fully correlated or 
uncorrelated between experiments 
(see also Phys.Rev.D 86 (2012) 
092003) 

 

(relative precision 0.5%!) 

Dominant unc.: JES and Signal modelling CDF: 10976, D0: 6381
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4 5 Ideogram method
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The distributions are normalized to the theoretical
predictions described in Refs. [17–19]. The uncertainty on the predicted tt cross section is indi-
cated by the hatched area. The top-quark mass assumed in the simulation is 172.5 GeV.

Direct Mass: Lepton+Jets
·•Signature
·•1 e or µ 

·•4 jets, 2 b-tags  (high purity selection)

·•Analysis ('2D-ideogram')
·•Reconstruct top mass from kinematic fit (Pgof > 0.2)

·•2D fit of mass and jet energy scale (JES) using W-mass 
constraint

·•Weight each fit solution by Pgof  

·•Measurement from max.likelihood in mass-JES plane

·•Calibration using pseudo-experiments for different input m(top) 
and JES (→ small corrections)

·•Dominant Uncertainties
·•Color reconnection (0.54 GeV)                                                   

·•b-jet energy scale (0.61 GeV)

27

CMS Lepton+Jets: Uncertainties & Result
Calibration with pseudo-experiments, small corrections for m

t

and JES

Systematic uncertainty �m

top

[GeV]
Calibration 0.06
b-JES 0.61
p

T

- and ⌘-dependent JES 0.28
Lepton energy scale 0.02
Missing transverse energy 0.06
Jet energy resolution 0.23
b-tagging 0.12
Pile-up 0.07
Non-tt̄ background 0.13
PDF 0.07
µ
R

, µ
F

0.24
ME-PS matching threshold 0.18
Underlying event 0.15
Color reconnections 0.54
Total 0.98
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Result: m
t

= 173.49 ± 0.43 (stat+JES) ± 0.98 (syst) GeV

Markus Seidel (UHH) Top-Quark Mass Results at the LHC September 18, 2012 11 / 32

JHEP 12(2012) 105 
[arXiv:1209.2319]

mtop = 173.5 ± 0.4stat+JES ± 1.0syst GeVSingle most precise top mass measurement to date
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Definition of mtop

If Γtop were < 1 GeV, top would 
hadronize before decaying. Same as b-
quark
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But Γtop is > 1 GeV, top decays before 
hadronizing. Extra antiquarks must be 
added to the top-quark decay final state 
in order to produce the physical state 
whose mass will be measured

As a result, Mexp is not equal to mpoletop, 
and will vary in each event, depending 
on the way the event has evolved. 

The top mass extracted in hadron 
collisions is not well defined below a 
precision of O(Γtop)~ 1 GeV
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Goal: 
- correctly quantify the systematic uncertainty
- identify observables that allow to validate the 
theoretical modeling of hadronization in top 
decays
- identify observables less sensitive to these 
effects

q

q
_

mt = Flattice/potential models (mT, αQCD)·•Investigate model uncertainty: various (non-)perturbative 
corrections are different in their kinematic dependence
·•Investigate distributions with sensitivity to
·•Color reconnection

·•ISR/FSR

·•b-quark kinematics

·•Figures: mtop - <mtop>

Kinematic Dependence

28
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No significant deviations between data and various models w.r.t their kinematic dependence

4.2 Initial and final state radiation 9

We observe a small dependence on the pT of the tt system and in the HT and mtt distributions
that is well described by all of the simulations. Below HT of 200 GeV and mtt of 400 GeV there
is a strong turn-on effect. For the jet multiplicity we observe indications of a small sensitivity
as a function of increasing jet multiplicity. However, the limited statistics of the current dataset
preclude any firm conclusions.
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Figure 6: Differential measurements as a function of the invariant mass of the tt system: (a)
Number of permutations per mtt bin; (b) mt from the 1D analysis; (c) JES and (d) mt from the
2D analysis, respectively. The systematic uncertainties are added in quadrature to the statis-
tical uncertainties of the data. The hatched areas indicate the statistical uncertainties on the
simulated samples.

mtt̄

4.1 Colour reconnections 5

For the top quarks, we show the pT and h distributions in Figs. 3 and 4, respectively. We observe
no significant dependence of our fit results on the top-quark pT below 200 GeV, where the 2D
fit is able to compensate for fluctuations. The dependence at large transverse momentum may
be connected with the onset of jet merging at large boost and is well reproduced by each of the
simulations. No effect in terms of |ht,had| is visible.
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Figure 2: Differential measurements as a function of the Df of the light-quark jets: (a) Num-
ber of permutations per Dfqq bin; (b) mt from the 1D analysis; (c) JES and (d) mt from the 2D
analysis, respectively. The systematic uncertainties are added in quadrature to the statistical
uncertainties of the data. The hatched areas indicate the statistical uncertainties on the simu-
lated samples.
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Figure 4: Differential measurements as a function of the pseudo-rapidity of the hadronically
decaying top quark: (a) Number of permutations per |ht,had| bin; (b) mt from the 1D analysis;
(c) JES and (d) mt from the 2D analysis, respectively. The systematic uncertainties are added in
quadrature to the statistical uncertainties of the data. The hatched areas indicate the statistical
uncertainties on the simulated samples.
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Mass from Endpoint Analysis
·•Endpoint analysis: independent of assumptions on shapes (no templates or transfer functions) 
·•MT2: minimum parent mass consistent with observed final state

·•MT2⊥: remove production dynamics, keep only momentum components perpendicular to 2-parent pT

·•Three MT2⊥ subsystem variables: measure top, W- and neutrino masses simultaneously

29

arXiv:1304.5783

Dilepton channel

Mass from kinematic endpoints
CMS-TOP-11-027, CERN-PH-EP-2013-059, arxiv:1304.5783

5fb≠1 of 2011 data (
Ô

s = 7TeV ) is used
At least two b-tagged jets are required
M

T2‹ for 3 subsystems are used :
M221

T2‹ © µbb : lower bound of mt for known mW
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T2‹ © µll : endpoint is the W boson mass at m‹ = 0
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Figure 4.1: A tt dilepton decay with the two subsystems for computing µ`` and µbb indicated.
The “upstream” and “child” objects are enclosed in dashed rectangles, while the visible objects,
which enter into the computation, are enclosed in solid rectangles. The µ`` and µbb variables
used here are identical to M210

T2? and M221
T2? of Ref. 10.

of Ref. [10], exhibits significant correlation with Mb`, the invariant mass of the b jet and lepton.
A third observable is needed to solve the underlying system of equations, and for this we
choose Mb`.

4.2 Observables Used in this Analysis

This analysis is based on two MT2? variables, µ`` and µbb as described above, and one invariant
mass, Mb`, the invariant mass of a b jet and lepton from the same top-quark decay. These three
quantities have been selected from a larger set of possibilities based on the low correlation we
observe among them and the generally favorable shapes of the distributions in their endpoint
regions. The observables can be summarized by the underlying kinematics from which they
are derived, and the endpoint relations which include the top-quark, W-boson, and neutrino
masses.

For the µ`` variable, the shape of the distribution is known analytically [25]. In terms of the
value x = µ`` and its kinematic endpoint xmax, the normalized distribution can be written:

dN
dx

= a d(x) + (1 � a)
4x

x2
max

ln
xmax

x
, (4.4)

where the parameter a is treated as an empirical quantity to be measured. In practice, a ⇠ 0.6,
and the zero bin of µ`` histograms will be suppressed to better show the features of the endpoint
region. The origin of the delta function is geometric: for massless leptons, µ`` vanishes when
the two lepton pT? vectors lie on opposite sides of the axis defined by the upstream PT vector,
and is equal to 2(p`+

T? p`�
T?)1/2 otherwise.

For a test mass of the child particle emn, the endpoint is related to the masses via [10, 25]:

µmax
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In the tt case, we set the test mass to emn = 0. We then expect the endpoint at µmax
`` = MW(1 �

m2
n/M2

W) = MW = 80.4 GeV. Note that mn is the true mass of the child and MW is the true
parent mass; these should be viewed as variables in a function for which emn is a parameter.
In a new-physics application, the analogs of MW and mn are not known; but given Eq. 4.5, the
measurement of the endpoint, and an arbitrary choice of child mass emn, one can fix a relationship
between the two unknown masses. We emphasize that the equality expressed by Eq. 4.5 holds
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of Ref. [10], exhibits significant correlation with Mb`, the invariant mass of the b jet and lepton.
A third observable is needed to solve the underlying system of equations, and for this we
choose Mb`.

4.2 Observables Used in this Analysis

This analysis is based on two MT2? variables, µ`` and µbb as described above, and one invariant
mass, Mb`, the invariant mass of a b jet and lepton from the same top-quark decay. These three
quantities have been selected from a larger set of possibilities based on the low correlation we
observe among them and the generally favorable shapes of the distributions in their endpoint
regions. The observables can be summarized by the underlying kinematics from which they
are derived, and the endpoint relations which include the top-quark, W-boson, and neutrino
masses.

For the µ`` variable, the shape of the distribution is known analytically [25]. In terms of the
value x = µ`` and its kinematic endpoint xmax, the normalized distribution can be written:
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where the parameter a is treated as an empirical quantity to be measured. In practice, a ⇠ 0.6,
and the zero bin of µ`` histograms will be suppressed to better show the features of the endpoint
region. The origin of the delta function is geometric: for massless leptons, µ`` vanishes when
the two lepton pT? vectors lie on opposite sides of the axis defined by the upstream PT vector,
and is equal to 2(p`+
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T?)1/2 otherwise.

For a test mass of the child particle emn, the endpoint is related to the masses via [10, 25]:
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Figure 9.1: Results of simultaneous fits to m2
n, MW, and Mt. The upper red line is in all cases

the full fit, while the green (middle) and blue (lowest) curves are for the background and signal
shapes, respectively. While the fit is performed event-by-event for all measured kinematic
values, the line shown is an approximate extrapolation of the total fit likelihood function over
the entire fit range. Top row: unconstrained fit; Middle row: singly-constrained fit; Bottom
row: doubly-constrained fit. The inset shows a zoom of the tail region in Mb` for the doubly-
constrained case to illustrate the level of agreement between the background shape and the
data points.
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Figure 9.1: Results of simultaneous fits to m2
n, MW, and Mt. The upper red line is in all cases

the full fit, while the green (middle) and blue (lowest) curves are for the background and signal
shapes, respectively. While the fit is performed event-by-event for all measured kinematic
values, the line shown is an approximate extrapolation of the total fit likelihood function over
the entire fit range. Top row: unconstrained fit; Middle row: singly-constrained fit; Bottom
row: doubly-constrained fit. The inset shows a zoom of the tail region in Mb` for the doubly-
constrained case to illustrate the level of agreement between the background shape and the
data points.

lower bound of mtop for known mWendpoint is mW
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Figure 1: Predicted tt cross section as a function of the strong coupling constant, shown for two
different calculations at approximate NNLO and four different PDF sets and compared to the
cross section measured by CMS. While the uncertainty on the measured stt̄ is illustrated with
a filled band, the uncertainties on the stt̄ predictions are indicated only at the default aS(mZ)
value of the corresponding PDF set. For the sake of readability, the comparison between Top++
and HATHOR is only shown for one of the four PDF sets.

3 Measured Cross Section

For the measured stt̄, we take the most precise result obtained by CMS to date, which was
derived from 2.3 fb�1 of data collected in 2011 in the dileptonic decay channel [22]. Assuming
mt = 172.5 GeV and aS(mZ) = 0.1180, the observed cross section is 161.9 ± 6.7 pb. We employ
the experimental mt dependence, arising from the acceptance corrections and evaluated based
on Monte Carlo simulations performed at different mass values, for rescaling the measured stt̄
to any desired value of mt. For mt = 173.2 GeV, this yields a cross section of 161.0 pb. The
relative uncertainty of 4% is supposed to be mt independent. The assumed value of aS(mZ)
in the simulation employed to derive the acceptance corrections can alter the measured stt̄ as
well. QCD radiation effects increase at higher aS(mZ), both on matrix-element level and in the
hadronization. We have tested the aS(mZ) dependence of our acceptance corrections using the
next-to-leading-order (NLO) CTEQ6AB PDF sets [23] and the POWHEG BOX 1.4 [24, 25] as
NLO generator for tt production interfaced with Pythia 6.4.24 [26] for the parton showering.
From this study we conclude that our measured stt̄ changes by less than 1% when increasing
or decreasing aS(mZ) by 0.0100 with respect to the reference value of 0.1180. We thus apply an
aS(mZ)-dependent uncertainty of the corresponding size to the measured stt̄. This additional
uncertainty is also included in the uncertainty band shown in Fig. 1, where the measured stt̄ is
compared to the approximate NNLO predictions. It can be seen that over the relevant aS(mZ)
range there is almost no increase in the total uncertainty of 4% on the measured stt̄.

4 Joint-Likelihood Approach

For given values of mt and aS(mZ), we obtain a probability function for the predicted cross
section by analytically convolving a Gaussian probability distribution accounting for the PDF

·•Mass from cross section (for fixed αS)CMS Mass From Cross-Section

Based on tt̄ cross-section
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t-channel CMS 8TeV 
5.0fb-1@8TeV 

!  Using only single muon 
topology 

!  Higher trigger threshold, 
pT>26GeV, |η|<2.1,  
more isolated muon 

!  Jet pT>40GeV 
!  Harder cut on MT>50GeV 

!  Can enrich signal by cutting on  
|ηj’| light jet 

!  Background determination 
!  Multijet fit in signal and sideband 

region separately 
!  ttbar shape from 3 jets,  

2 b-tagged events 
!  W+jets shape from sideband 

subtract ttbar data shape,  
other MC shapes 

!  Z+jets use same scale as for  
W+jets    

 

Single top @ LHC - TOP2012 Duc Bao Ta 16 

CMS PAS TOP-12-011 

|ηj’|>2.5 

NEW 

Single Top Production

·•Test of EW interactions, probe for new physics (4th gen., FCNC)

·•Sensitivity to b-PDF and u/d-PDF

·•Large backgrounds (W+jets, tt, QCD)

31

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) 
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      (associated production) 

- Christian Schwanenberger -Top Quark Physics DESY Theory Workshop

Single Top Quark Production
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t-channel [pb] tW-channel [pb] s-channel [pb]
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• 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 
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·•pp collision: expect u-density ~2 × d-density 
·•Simultaneous fit to η’-distributions of positive 

and negative lepton

σ(t)/σ(t) in t-channel

32
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Figs. 5 show the fitted |hj0 | distribution for the electron and muon channels.
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Figure 5: Fitted |hj0 | distribution for muons(a,c) and electrons(b,d), normalized to the yields
obtained from the combined fit.

5 Systematic Uncertainties

Each systematic uncertainty is evaluated by performing pseudo-experiments which take into
account the effect of the corresponding systematic source on the distribution of |hj0 | and on the
event yield of the physics processes. A fit to |hj0 | is then performed on each pseudo-experiment
and the mean shift of the fit results with respect to the value obtained in the nominal scenario
is taken as the corresponding uncertainty.

The following sources of systematic uncertainties are considered:

• W+jets and tt̄ models: the uncertainty related to the W+jets and tt̄ extraction method
from data is evaluated by generating pseudo-experiments in the SB and in the 3-jets
2-tags sample, thus performing the template extraction procedure which assumes
the same shape in the SR and SB region for the backgrounds and repeating the fit to
|hj0 |.The uncertainty is taken as the root mean square of the distribution of fit results
obtained in this way. This uncertainty depends on the amount of available data in
the SB and in the 3-jets 2-tags sample. In addition, alternative |hj0 | shapes are derived
in the simulation by varying the Wb+X and Wc+X fractions of the background by
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• W+jets and tt̄ models: the uncertainty related to the W+jets and tt̄ extraction method
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Uncertainty source st�ch,antitop (%) st�ch,top (%) Rt�channel (%)
stat. uncertainty ± 8.6 ± 3.9 ± 8.8

JES,JER, and MET ± 4.9 ± 4.2 ± 2.6
b-tagging and mis-tag ± 4.3 ± 3.7 ± 0.9

backgrounds ratio ± 0.6 ± 0.5 ± 1.1
lepton reconstruction/trig. ± 1.9 ± 1.8 ± 3.6

qcd extraction ± 6.4 ± 3.4 ± 0.9
W+Jets, tt̄ extraction ± 5.9 ± 2.4 ± 6.8

signal modeling ± 11.4 ± 15.4 ± 5.4
pdf uncertainty ± 5.8 ± 2.8 ± 7.5

simulation statistics ± 1.1 ± 0.6 ± 1.1
luminosity ± 4.4 ± 4.4 -

total systematics ± 17.4 ± 17.8 ± 12.6
total relative uncertainty ± 19.4 ± 18.3 ± 15.3

Scale factor w.r.t. SM ± uncertainty 0.92±0.18 0.88±0.16 0.96±0.15

Table 3: Relative impact of systematic uncertainties in the combined muon/electron channel.

• Simulation statistics: the uncertainty due to the limited amount of MC data in the
templates used for the statistical inferences is taken into account by dicing pseudo
experiments where the statistical fluctuation of the models, influencing both rate and
shape, is considered. The normal extraction procedure is repeated for each pseudo-
experiment and the uncertainty is taken as the root mean square of the distribution
of fit results obtained in this way.

• Signal generator: the results obtained by using the nominal POWHEG signal samples
are compared with the result obtained using signal samples generated by CompHEP.
In general, the largest model deviations occur in the kinematic distributions of the
spectator b-quark [26]. Half of the difference is taken as the systematic uncertainty
due to signal generator modelling. This is motivated by the fact that the differ-
ences in the transverse momentum distribution of the spectator b-quark are always
more than a factor two smaller when comparing the 4-flavour and 5-flavour scheme
(FS)POWHEG generator distributions [27] than in the case of comparing POWHEG 5FS
to CompHep.

• Luminosity: the luminosity is known with a relative uncertainty of ±4.4% [28].

Table 3 summarizes the different contributions to the cross section uncertainty.

6 Results

The cross sections of top and anti-top t-channel are measured:

st-ch.,top = 49.9 ± 1.9(stat.) ± 8.9(syst.)pb. (4)
st-ch.,anti-top = 28.3 ± 2.4(stat.) ± 4.9(syst.)pb. (5)

Both st-ch.,top and st-ch.,anti-top are in agreement with the standard model prediction. Their ratio
is measured to be:

Rt-ch. = 1.76 ± 0.15(stat.) ± 0.22(syst.) (6)

Which divided by the standard model expectation results in the scale factor:

SR,t-ch. = 0.96 ± 0.08(stat.) ± 0.12(syst.)pb (7)
Consistent with all PDF - errors still large

Single top production t-channel by charge 

•  Single top and single anti-top 
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Conclusions

·•Top quark physics: Key to QCD, electro-weak and New Physics

·•Precision regime: σtt < 5%, m(top) ≲ 1 GeV, …

·•Inclusive cross section prediction available up to full NNLO, same precision as data

·•Top Top-Topics: 
·•Diff.dists, high mtt, tt+jets, ttbb, ttH, ttW/Z, AC, spin-correlations, W-helicity, Vtb, mass, αS, PDF

·•Many results not shown: polarization, mass, mass difference, charge, tW, FCNC, searches, ...

·•All results so far in agreement with SM predictions

·•Many more measurements underway 
·•Statistics → systematics: with 2012 data, another leap in precision and reach
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