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The	top	quark
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The	top	quark

• short	lifetime	
• τtop	=	4	·	10–25	s	→	no	bound	states	

• role	in	loop	diagrams
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•Top	quark	physics	at	hadron	colliders	
• test	Standard	Model	
• search	for	new	resonances	or	interactions	
• important	background	to	new	physics	searches
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Top-quark	mass
•Fundamental	parameter	of	theory	

• related	to	other	electroweak	parameters	
• precise	determination	allows	for	stringent	tests	of	SM
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Fig. 2 Contours at 68 and 95 % CL obtained from scans of MW ver-
sus mt (top) and MW versus sin2θℓ

eff (bottom), for the fit including MH
(blue) and excluding MH (grey), as compared to the direct measure-
ments (vertical and horizontal green bands and ellipses). The theoretical
uncertainty of 0.5 GeV is added to the direct top-mass measurement. In
both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2θℓ

eff , all partial and full Z width measurements
are excluded as well (except in case of the orange prediction), besides
the asymmetry measurements

sin2θℓ
eff and MW . The coloured ellipses indicate: green for

the direct measurements; grey for the electroweak fit with-
out using MW , sin2θ

f
eff , MH and the Z width measurements;

orange for the fit without using MW , sin2θ
f

eff and MH ; blue
for the fit without MW , sin2θ

f
eff and the Z width measure-

ments. For both figures the observed agreement demonstrates
the consistency of the SM.

Figure 3 shows CL profiles for the observable pair sin2θℓ
eff

and MW , but with the theoretical uncertainty on the top mass
varied between 0 and 1.5 GeV, in steps of 0.5 GeV. Assuming
a value of δtheomt = 1.5 GeV, the uncertainty becomes dom-
inant. It underlines that a better assessment of the theoretical
mt uncertainty is of relevance for the fit.

2.4 Oblique parameters

If the new physics scale is significantly higher than the elec-
troweak scale, new physics effects from virtual particles in
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Fig. 3 Contours at 95 % CL obtained from scans of MW versus
sin2θℓ

eff , with the top-mass theoretical uncertainty varied between 0
and 1.5 GeV in steps of 0.5 GeV, as compared to the direct measure-
ments (vertical and horizontal green bands). The corresponding direct
measurements are excluded from the fit

loops are expected to contribute predominantly through vac-
uum polarisation corrections to the electroweak precision
observables. These terms are traditionally denoted oblique
corrections and are conveniently parametrised by the three
self-energy parameters S, T, U [50,51]. These are defined to
vanish in the SM and are closely related to the ϵ1,2,3 param-
eters [52,53].

The S and T parameters absorb possible new physics con-
tributions to the neutral and to the difference between neutral
and charged weak currents, respectively. The U parameter
is only sensitive to changes in the mass and width of the
W boson. It is very small in most new physics models and
therefore often set to zero.

Constraints on the S, T, U parameters can be derived from
the global electroweak fit by calculating the difference of
the oblique corrections as determined from the experimental
data and the corrections obtained from an SM reference point
(with fixed reference values of mt and MH ). With this def-
inition significantly non-zero S, T, U parameters represent
an unambiguous indication of new physics.

For the studies presented here we use the SM reference as
MH,ref = 125 GeV and mt,ref = 173 GeV. We find

S =0.05 ± 0.11, T =0.09 ± 0.13, U =0.01 ± 0.11,

(4)

with correlation coefficients of +0.90 between S and T ,
−0.59 (−0.83) between S and U (T and U ). Fixing U = 0
one obtains S|U=0 = 0.06±0.09 and T |U=0 = 0.10±0.07,
with a correlation coefficient of +0.91. The constraints on S
and T for a fixed value of U = 0 are shown in Fig. 4. The
propagation of the current experimental uncertainties in MH
and mt upon the SM prediction is illustrated by the small
black area at about S = T = 0.
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Fig. 2 Contours at 68 and 95 % CL obtained from scans of MW ver-
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(blue) and excluding MH (grey), as compared to the direct measure-
ments (vertical and horizontal green bands and ellipses). The theoretical
uncertainty of 0.5 GeV is added to the direct top-mass measurement. In
both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2θℓ

eff , all partial and full Z width measurements
are excluded as well (except in case of the orange prediction), besides
the asymmetry measurements
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the consistency of the SM.
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and MW , but with the theoretical uncertainty on the top mass
varied between 0 and 1.5 GeV, in steps of 0.5 GeV. Assuming
a value of δtheomt = 1.5 GeV, the uncertainty becomes dom-
inant. It underlines that a better assessment of the theoretical
mt uncertainty is of relevance for the fit.

2.4 Oblique parameters

If the new physics scale is significantly higher than the elec-
troweak scale, new physics effects from virtual particles in
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Fig. 3 Contours at 95 % CL obtained from scans of MW versus
sin2θℓ

eff , with the top-mass theoretical uncertainty varied between 0
and 1.5 GeV in steps of 0.5 GeV, as compared to the direct measure-
ments (vertical and horizontal green bands). The corresponding direct
measurements are excluded from the fit

loops are expected to contribute predominantly through vac-
uum polarisation corrections to the electroweak precision
observables. These terms are traditionally denoted oblique
corrections and are conveniently parametrised by the three
self-energy parameters S, T, U [50,51]. These are defined to
vanish in the SM and are closely related to the ϵ1,2,3 param-
eters [52,53].

The S and T parameters absorb possible new physics con-
tributions to the neutral and to the difference between neutral
and charged weak currents, respectively. The U parameter
is only sensitive to changes in the mass and width of the
W boson. It is very small in most new physics models and
therefore often set to zero.

Constraints on the S, T, U parameters can be derived from
the global electroweak fit by calculating the difference of
the oblique corrections as determined from the experimental
data and the corrections obtained from an SM reference point
(with fixed reference values of mt and MH ). With this def-
inition significantly non-zero S, T, U parameters represent
an unambiguous indication of new physics.

For the studies presented here we use the SM reference as
MH,ref = 125 GeV and mt,ref = 173 GeV. We find

S =0.05 ± 0.11, T =0.09 ± 0.13, U =0.01 ± 0.11,

(4)

with correlation coefficients of +0.90 between S and T ,
−0.59 (−0.83) between S and U (T and U ). Fixing U = 0
one obtains S|U=0 = 0.06±0.09 and T |U=0 = 0.10±0.07,
with a correlation coefficient of +0.91. The constraints on S
and T for a fixed value of U = 0 are shown in Fig. 4. The
propagation of the current experimental uncertainties in MH
and mt upon the SM prediction is illustrated by the small
black area at about S = T = 0.
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both figures, the corresponding direct measurements are excluded from
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eff , all partial and full Z width measurements
are excluded as well (except in case of the orange prediction), besides
the asymmetry measurements
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the consistency of the SM.
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and MW , but with the theoretical uncertainty on the top mass
varied between 0 and 1.5 GeV, in steps of 0.5 GeV. Assuming
a value of δtheomt = 1.5 GeV, the uncertainty becomes dom-
inant. It underlines that a better assessment of the theoretical
mt uncertainty is of relevance for the fit.
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Fig. 3 Contours at 95 % CL obtained from scans of MW versus
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eff , with the top-mass theoretical uncertainty varied between 0
and 1.5 GeV in steps of 0.5 GeV, as compared to the direct measure-
ments (vertical and horizontal green bands). The corresponding direct
measurements are excluded from the fit

loops are expected to contribute predominantly through vac-
uum polarisation corrections to the electroweak precision
observables. These terms are traditionally denoted oblique
corrections and are conveniently parametrised by the three
self-energy parameters S, T, U [50,51]. These are defined to
vanish in the SM and are closely related to the ϵ1,2,3 param-
eters [52,53].

The S and T parameters absorb possible new physics con-
tributions to the neutral and to the difference between neutral
and charged weak currents, respectively. The U parameter
is only sensitive to changes in the mass and width of the
W boson. It is very small in most new physics models and
therefore often set to zero.

Constraints on the S, T, U parameters can be derived from
the global electroweak fit by calculating the difference of
the oblique corrections as determined from the experimental
data and the corrections obtained from an SM reference point
(with fixed reference values of mt and MH ). With this def-
inition significantly non-zero S, T, U parameters represent
an unambiguous indication of new physics.

For the studies presented here we use the SM reference as
MH,ref = 125 GeV and mt,ref = 173 GeV. We find

S =0.05 ± 0.11, T =0.09 ± 0.13, U =0.01 ± 0.11,

(4)

with correlation coefficients of +0.90 between S and T ,
−0.59 (−0.83) between S and U (T and U ). Fixing U = 0
one obtains S|U=0 = 0.06±0.09 and T |U=0 = 0.10±0.07,
with a correlation coefficient of +0.91. The constraints on S
and T for a fixed value of U = 0 are shown in Fig. 4. The
propagation of the current experimental uncertainties in MH
and mt upon the SM prediction is illustrated by the small
black area at about S = T = 0.
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
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determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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determine the calibration of the jet-energy scale, and measuring the b-tagging efficiency.
As far as top quark physics is concerned, first measurements will include the tt̄ cross
section in the various channels and the determination of the top mass [121].
In the “discovery phase” of the LHC millions of tt̄ pairs will be produced already with
10fb−1 of integrated luminosity (c.f. table 1). For most top-quark observables, statistical
uncertainties will then be below the percent level; i.e., the measurements will eventually
be systematics dominated.
In the following subsections we shall discuss tt̄ production mostly from the perspective
of considering the top quark to be a signal. Production of tt̄ pairs is, on the other hand,
also an important background to the search for new particles, including the searches for
the SM and/or non-standard Higgs bosons and for signals of supersymmetry. Obviously,
both roles the top quark plays at the Tevatron and at the LHC require accurate predictions
of tt̄ production and decay.

t

t̄

g

g

t

t̄

g

g

t

t̄

g

a)

g

g

g

t̄

t

q̄

q

b)

Figure 2: Lowest order Feynman diagrams for tt̄ production by the strong interactions:
gg→ tt̄ (a) and qq̄→ tt̄ (b).

4.1. Status of theory
Because mt ≫ ΛQCD, top-quark production and decay processes are hard scattering reac-
tions which can be computed in (QCD) perturbation theory. The tt̄ production processes
are depicted to lowest-order QCD in figure 2. At next-to-leading order (NLO) in the
QCD coupling αs, also qg and q̄g scatterings produce tt̄ pairs. To arbitrary order in QCD
perturbation theory, the total tt̄ cross section for

pp̄, pp → tt̄ + X (4.2)

is given as a convolution of the cross sections for the partonic subprocesses and the parton
distribution functions (PDF) – up to terms which are suppressed with some power of the
hadronic center-of-mass energy

√
s (so-called higher twist terms):

σtt̄h1h2(s,mt) =∑
i, j

Z 1

0
dx1dx2 f h1i (x1,µF) f h2j (x2,µF) σ̂i j(ŝ,mt,αs(µR),µR,µF) . (4.3)

Here i, j = g,q, q̄, and h1,h2 = p, p̄. The PDF f hi (x,µF) is the probability density of
finding parton i with longitudinal momentum fraction x in hadron h at the factorization
scale µF . This scale, which is arbitrary in principle, is usually set equal to a typical scale
of the problem, e.g. mt , in order to avoid large logarithms in perturbation theory. The
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• governed	by	CKM	matrix,	BF(t→Wb)	~	1	
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Top-quark	decays
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•Weak	decay	
• governed	by	CKM	matrix,	BF(t→Wb)	~	1	
• no	FCNC	transitions	at	tree	level	

u c t

bsd

•tt	̄final	states	
• all	hadronic	(2b,	4q)	
• with	a	τhad	lepton	
• single	lepton	(2b,	2q,	1ℓ,	1ν)	
• dilepton	(2b,	2ℓ,	2ν)

• W	→	ℓν,	τhadν	or	qq̄
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A	tt	̄event	in	ATLAS

													First	dilepton	candidate:		tt	̄→	W+b	W–b0	→	e+νe	b	μ–	ν̄μb0
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Outline

•Production	
• tt	̄production	inclusive	
• tt	̄production	differential	
• tt+̄jets,	tt+̄V	
• single	top	

•Properties	
• mass	
• spin,	polarisation,	helicity	
• asymmetries

9

Since	PIC2015:	
39	papers	and	26	preliminary	results	on	top-quark	physics	
discussion	mainly	based	on	submitted	papers
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As far as top quark physics is concerned, first measurements will include the tt̄ cross
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In the “discovery phase” of the LHC millions of tt̄ pairs will be produced already with
10fb−1 of integrated luminosity (c.f. table 1). For most top-quark observables, statistical
uncertainties will then be below the percent level; i.e., the measurements will eventually
be systematics dominated.
In the following subsections we shall discuss tt̄ production mostly from the perspective
of considering the top quark to be a signal. Production of tt̄ pairs is, on the other hand,
also an important background to the search for new particles, including the searches for
the SM and/or non-standard Higgs bosons and for signals of supersymmetry. Obviously,
both roles the top quark plays at the Tevatron and at the LHC require accurate predictions
of tt̄ production and decay.
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4.1. Status of theory
Because mt ≫ ΛQCD, top-quark production and decay processes are hard scattering reac-
tions which can be computed in (QCD) perturbation theory. The tt̄ production processes
are depicted to lowest-order QCD in figure 2. At next-to-leading order (NLO) in the
QCD coupling αs, also qg and q̄g scatterings produce tt̄ pairs. To arbitrary order in QCD
perturbation theory, the total tt̄ cross section for

pp̄, pp → tt̄ + X (4.2)

is given as a convolution of the cross sections for the partonic subprocesses and the parton
distribution functions (PDF) – up to terms which are suppressed with some power of the
hadronic center-of-mass energy

√
s (so-called higher twist terms):

σtt̄h1h2(s,mt) =∑
i, j

Z 1

0
dx1dx2 f h1i (x1,µF) f h2j (x2,µF) σ̂i j(ŝ,mt,αs(µR),µR,µF) . (4.3)

Here i, j = g,q, q̄, and h1,h2 = p, p̄. The PDF f hi (x,µF) is the probability density of
finding parton i with longitudinal momentum fraction x in hadron h at the factorization
scale µF . This scale, which is arbitrary in principle, is usually set equal to a typical scale
of the problem, e.g. mt , in order to avoid large logarithms in perturbation theory. The
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tt	̄production	at	1.96	TeV

•New	D0	inclusive	measurement	
• full	dataset,	including	combination	
• dilepton		
‣ b-tag	MVA	

• ℓ+jets		
‣ b-tag	MVA	+	topological	discriminant	
‣ split	in	2,	3,	≥	4	jets	

• σtt	̄=	7.26	±	0.13stat	+0.57	syst	pb	
‣ Δσ/σ	=	7%	
‣ largest	syst.	from	hadronisation
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FIG. 5. Pre-fit output distributions of the combined MVA discriminant using the theoretical tt̄ cross section and mt = 172.5
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(f)). Statistical uncertainties of the data are shown and the pre-fit systematic uncertainties are indicated by the hashed band
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ties are summarized in Table IV. We group systematic
uncertainties addressing a similar object, e.g. jet related
ones, into a combined source of systematic uncertainty.

A. The ℓ+jets channel

In the following we describe the sources of system-
atic uncertainties studied in the ℓ+jets channel. As
discussed above, each source of systematic uncertainty
yields a modified discriminant distribution, which is
parametrized with a nuisance parameter (see Sec. VIII).
We assign an uncertainty on the shape, but not on the
normalization, of the W+jets and multijet contribution
(see Sec. VIA). In particular the trigger and luminosity
uncertainties affecting the normalization are not assigned
to the W+jets and multijet contribution, consequently
the luminosity uncertainty can not be constrained by
data.

1. Signal modeling

The effect of an alternative signal model for tt̄ pro-
duction is estimated by comparing tt̄ events generated
with mc@nlo+herwig to those from alpgen+herwig.

Comparing alpgen+pythia to alpgen+herwig, we
estimate the effect of hadronization uncertainties. Ad-
ditional uncertainties on signal arise from color re-
connection (CR), and initial and final state radiation
(ISR/FSR) producing additional jets. The effect of CR
is determined by comparing identical alpgen events in-
terfaced to pythia with two different tunes, Perugia
2011 and Perugia 2011NOCR [51], which either include
color reconnection effects (Perugia 2011) or not (Peru-
gia 2011NOCR). The effect of ISR/FSR is determined
by modifying the factorization and renormalization scale
implemented in the MC. More details can be found in
Ref. [52].

2. Parton distributions functions

The uncertainty on the cross sections due to the uncer-
tainty on PDFs is estimated following the procedure of
Ref. [34] by reweighting the MC simulation according to
each of the 20 pairs of error eigenvectors of the CTEQ6M
PDF.
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3. Detector modeling

Uncertainties on the modeling of the detector include
uncertainties on trigger efficiency, lepton identification,
and b-quark identification. The identification efficiencies
for b, c, light quarks (u, d, s), and gluons in MC simula-
tions are calibrated using dijet data [53], and variations
within the calibration uncertainty are used to determine
the systematic uncertainty due to b-quark identification.
Additional uncertainties arise from track multiplicity re-
quirements on the selected jets in the identification of b
quarks.

The measurement of the tt̄ cross section and the sub-
sequent extraction of the top quark pole mass relies on a
precise knowledge of normalization uncertainties. Hence,
this measurement is the first measurement in D0 employ-
ing the reduced systematic uncertainty on the luminos-
ity measurement of 4.3% [20, 21]. We use an auxiliary
data sample where no cut is made on the primary vertex
position in z to verify that negligible uncertainty arises
for the |zPV| < 60 cm requirement used in this analy-
sis. Other instrumental uncertainties from modeling the
detector arise from the calibration of the jet energy, res-
olution, and efficiency.

4. Sample composition

Uncertainties in the composition of the selected events
arise from sWHF

fit and sWLF
fit used for W+jets events, the

assumed tt̄ cross section, single top quark and diboson
cross sections, and the estimate of the contributions from
misidentified leptons. As introduced in Sec. VI, we deter-
mine an initial sample composition from a simultaneous
fit to the MVA distribution in the ℓ + 2 jets, ℓ + 3 jets
and ℓ+ ≥ 4 jets samples. For this initial sample compo-
sition we fit sWHF

fit and sWLF
fit assuming an uncertainty of

5% on the normalization of the tt̄ processes. This initial
sample composition is only used to determine a system-
atic uncertainty on the contribution ofW+jets processes.
From the fit we derive a systematic uncertainty of +3.5

−1.8%
on the normalization of the Wlp + jets and +17

−23% on
the normalization of the Wcc̄+ jets and Wbb̄+ jets pro-
cesses. The statistical uncertainties on these processes
are negligible. An uncertainty of 25% on the Z/γ∗+jets
cross section is assigned. The uncertainty on the single
top quark cross sections is 12.6%, taken from varying the
factorization and renormalization scales simultaneously
by factors of 2 and 0.5. An uncertainty of 7% on the
diboson cross sections is assigned, corresponding to half
the difference between the LO and NLO predictions. The
uncertainties on the single top quark and diboson contri-

arXiv:1605.06168, submitted to PRD
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tt	̄production	at	7	TeV

•Re-analysis	of	7	TeV	tt→̄	ℓ+jets	
• better	understanding	of	detector	and	

systematic	uncertainties	
‣ dominated	by	jet	energy	scale	and	

modeling	

• extracting	ratio	R	=	σ8TeV(tt)̄/σ7TeV(tt)̄	
‣ Rmeas	=	1.43	±	0.09		(Rtheo	=	1.429	±	0.004)
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 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 
CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 
CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 
LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 
, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 

miss
T-E

jets
, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 
+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

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

+lhadτATLAS, -1=4.6 fbintL 3 pb± 23 ± 9 ±183 
CMS, l+jets -1=5.0 fbintL 3.6 pb± 12.0 ± 6.0 ±161.7 

µCMS, dilepton e -1=5.0 fbintL 3.8 pb±  4.0−
 4.5+ 2.1 ±173.6 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 
+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

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

arXiv:1602.09024, submitted to EPJC
•All	channels	(except	for	τhτh)	explored	
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tt	̄production	at	8	TeV

•Recent	measurements	in	four	channels
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tt	̄production	at	13	TeV
•Count	number	of	eμ	events	with		

• exactly	one	(N1)	and	two	(N2)	b-tags	
• simultaneously	extract	σtt	̄and	εb	
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µATLAS, dilepton e
-1 = 3.2 fbintarXiv:1606.02699, L

µATLAS, dilepton e  19 pb± 27 ± 8 ±818 

 *µµATLAS, dilepton ee/
-1 = 85 pbintATLAS-CONF-2015-049, L
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-1 = 85 pbintATLAS-CONF-2015-049, L
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4 The ATLAS Collaboration: Measurement of the tt̄ production cross-section using eµ events with b-tagged jets

Jets were b-tagged as likely to have originated from
b quarks using the MV1 algorithm, a multivariate dis-
criminant making use of track impact parameters and re-
constructed secondary vertices [39,40]. Jets were defined
to be b-tagged if the MV1 discriminant value was larger
than a threshold corresponding approximately to a 70%
e�ciency for tagging b-quark jets from top decays in tt̄
events, with a rejection factor of about 140 against light-
quark and gluon jets, and about five against jets originat-
ing from charm quarks.

Events were required to have at least one reconstructed
primary vertex with at least five associated tracks, and no
jets failing jet quality and timing requirements. Events
with muons compatible with cosmic-ray interactions and
muons losing substantial fractions of their energy through
bremsstrahlung in the detector material were also removed.
A preselection requiring exactly one electron and one muon
selected as described above was then applied, with at
least one of the leptons being matched to an electron or
muon object triggering the event. Events with an opposite-
sign eµ pair constituted the main analysis sample, whilst
events with a same-sign eµ pair were used in the estima-
tion of the background from misidentified leptons.

5 Extraction of the tt̄ cross-section

The tt̄ production cross-section �
tt̄

was determined by
counting the numbers of opposite-sign eµ events with ex-
actly one (N1) and exactly two (N2) b-tagged jets. No
requirements were made on the number of untagged jets;
such jets originate from b-jets from top decays which were
not tagged, and light-quark, charm-quark or gluon jets
from QCD radiation. The two event counts can be ex-
pressed as:

N1 = L�
tt̄

✏
eµ

2✏
b

(1� C
b

✏
b

) +Nbkg
1

N2 = L�
tt̄

✏
eµ

C
b

✏
b

2 +Nbkg
2 (1)

where L is the integrated luminosity of the sample, ✏
eµ

is the e�ciency for a tt̄ event to pass the opposite-sign
eµ preselection and C

b

is a tagging correlation coe�cient
close to unity. The combined probability for a jet from
the quark q in the t ! Wq decay to fall within the ac-
ceptance of the detector, be reconstructed as a jet with
transverse momentum above the selection threshold, and
be tagged as a b-jet, is denoted by ✏

b

. Although this quark
is almost always a b quark, ✏

b

thus also accounts for the ap-
proximately 0.2% of top quarks that decay to Ws or Wd
rather than Wb, slightly reducing the e↵ective b-tagging
e�ciency. Furthermore, the value of ✏

b

is slightly increased
by the small contributions to N1 and N2 from mistagged
light-quark, charm-quark or gluon jets from radiation in tt̄
events, although more than 98% of the tagged jets are ex-
pected to contain particles from B-hadron decays in both
the one and two b-tag samples.

If the decays of the two top quarks and the subse-
quent reconstruction of the two b-tagged jets are com-
pletely independent, the probability to tag both b-jets
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Fig. 1. Distributions of the number of b-tagged jets in pre-
selected opposite-sign eµ events in (a)

p
s = 7TeV and (b)p

s = 8TeV data. The data are shown compared to the expec-
tation from simulation, broken down into contributions from tt̄,
Wt single top, Z+jets, dibosons, and events with misidentified
electrons or muons, normalised to the same integrated luminos-
ity as the data. The lower parts of the figure show the ratios of
simulation to data, using various tt̄ signal samples generated
with Powheg + Pythia6 (PY), MC@NLO + Herwig (HW)
and Alpgen + Herwig, and with the cyan band indicating
the statistical uncertainty.
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is given by ✏
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2. In practice, small correlations
are present for both kinematic and instrumental reasons,
and these are taken into account via the tagging corre-
lation C
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Δσ/σ	=	12% Δσ/σ	=	4.4%
•Preliminary	measurements	also	in	ℓ+jets	and	all	hadronic	channels

Δσ/σ	=	3.9%

http://de.arxiv.org/abs/1606.02699


	/47	[	M.	Cristinziani	|	Top	quark	physics	|	Physics	in	Collision	2016	|	17–Sep–2016	]

tt	̄inclusive	production	summary

15

 [TeV]s
2 4 6 8 10 12 14

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

10

210

310
WGtopLHC

ATLAS+CMS Preliminary Aug 2016

* Preliminary

)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1* 5.02 TeV (L = 26 pbµCMS e

)-1 7 TeV (L = 4.6 fbµATLAS e
)-1 7 TeV (L = 5 fbµCMS e

)-1 8 TeV (L = 20.3 fbµATLAS e
)-1 8 TeV (L = 19.7 fbµCMS e

)-1 8 TeV (L = 5.3-20.3 fbµLHC combined e
)-1 13 TeV (L = 3.2 fbµATLAS e

)-1* 13 TeV (L = 2.2 fbµCMS e
)-1* 13 TeV (L = 85 pbµµATLAS ee/

)-1ATLAS l+jets* 13 TeV (L = 85 pb
)-1CMS l+jets* 13 TeV (L = 2.3 fb

)-1CMS all-jets* 13 TeV (L = 2.53 fb

WGtopLHC

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 0.001±) = 0.118 

Z
(Msα = 172.5 GeV, topNNPDF3.0, m

 [TeV]s13

700

800

900



	/47	[	M.	Cristinziani	|	Top	quark	physics	|	Physics	in	Collision	2016	|	17–Sep–2016	]

tt	̄differential	cross	section
•Motivation	

• detailed	test	of	pQCD,	constrain	PDF	and	MC	parameters	
• background	for	Higgs,	rare	processes	and	many	BSM	searches	
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measuring σtt differentially 

l 
ν 

Top quark definitions 

Particle-level:  
top quark proxy reconstructed from decay 
products after hadronisation 14 

Top	quark	proxy		
reconstructed	from		
decay	products	after	hadronisation

Particle	level

tt	̄differential	cross	section
•Motivation	

• detailed	test	of	pQCD,	constrain	PDF	and	MC	parameters	
• background	for	Higgs,	rare	processes	and	many	BSM	searches	
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1
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d�i

dX
=

1
�

unfold(sXi � bX
i )

�X
i ·

�
Ldt

measuring σtt differentially 

Top quark definitions 

Parton-level:  
 top quark after radiation but before decay 

13 

Top	quark		
after	radiation,	but	before	decay

Parton	level

•General	analysis	strategy	
• tight	event	selection	→	pure	tt	̄sample	
• tt	̄system	/	top	quark	kinematic	reconstruction	
• background	subtraction	
• corrections:	acceptance,	resolution	→	unfolding	
• compare	to	theory	predictions	at	particle		or	parton	level
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tt	̄differential	–	top	quark	pT
•Mis-modeling	of	top	pT	spectrum	confirmed	in	all	decay	channels	
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boosted top R=1 jets pT > 300 GeVall-hadronic channel
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tt	̄differential	–	top	quark	pT
•Full	NNLO	tt	̄differential	calculation	available	

• Top	quark	pT		and	y	
• Top	quark	pair	mtt	̄

• Very	good	agreement	with	measurements
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tt	̄differential	–	kinematics
•Comprehensive	analysis	of	kinematics		

• hadronic	top	quark	pT	and	|y|	
• tt	̄system	:	mtt,̄	pT,tt	̄and	|ytt|̄		
• χtt̄		and	yboosttt̄			
‣ →	hard	scattering	interaction	

• Δφtt,̄		|pouttt|̄,		HTtt,̄	RWt		
‣ →	emission	of	radiation	along	the	tt	̄pair	

• ETmiss,	HT,	ST,	pT(W)		
‣ compare	generators	
‣ compare	parameter	choices
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tt	̄differential	–	dilepton	channel

20
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tt	̄differential	–	dilepton	channel
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tt	̄differential	–	dilepton	channel
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tt+̄jets	–	dilepton	channel
•Counting	number	of	jets		

• with	different	jet	pT	thresholds	
•Characterise	additional	jets	

• pT,	|η|,	ΔRjj,	mjj	

•Include	gap	fraction	measurements	
• events	without	additional	jets	above	threshold	

• All	distributions	well	modelled	with	appropriate	parameter	choices
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ttZ̄	and	ttW̄
•Couplings	of	top	quark	to	Z	are	largely	unexplored	

• production	sensitive	to	new	physics	
• ttZ̄	and	ttW̄	backgrounds	to	new	physics	searches	and	ttH̄	

•Four	signal	regions:	2ℓ	OS,	2ℓ	SS,	3ℓ,	4ℓ		
• extract	ttZ̄	and	ttW̄	simultaneously	in	a	binned	profile	likelihood	fit	
• increase	sensitivity	by	splitting	channels	according	to		
‣ number	of	jets	and	b-jets	
‣ relative	lepton	flavour	(Z	or	not-Z	like),	mℓℓ	
‣ ET							or	HT	

• profile	likelihood	technique,	statistical	uncertainty	dominates
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ttZ̄	and	ttW̄	fit	to	data

• additionally	attempt	full	(partial)	
ttZ̄/W	reconstruction	
‣ match	reconstructed	objects	to	W,	Z,	tt	̄	
‣ combine	into	linear	discriminant	
‣ choose	best	permutation	

• combine	information	into	BDT				→		
‣ using	kinematic	quantities
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ttZ̄	and	ttW̄	results
•→	associated	ttZ̄	and	ttW̄	production	established	at	8	TeV
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ttZ̄	and	ttW̄	results
•→	associated	ttZ̄	and	ttW̄	production	established	at	8	TeV	

•→	now	also	measured	at	13	TeV	with	2015	data	
• σttZ̄	=	0.9	±	0.3	pb	(3.9σ)	
• σttW̄	=	1.5	±	0.8	pb	(2.2σ)
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ttZ̄	event	display
•ttZ̄	candidate	

• 4	leptons:	μ–	e1	e2	e3		

• m(e2e3)	=	94	GeV	

• 2	jets	pT	>	50	GeV	

• both	b-tagged	

• ET							=	57	GeV
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Top-quark	production
•Top-quark	pairs	via	strong	interaction	

•Single-top	quarks	via	weak	interaction

27

determine the calibration of the jet-energy scale, and measuring the b-tagging efficiency.
As far as top quark physics is concerned, first measurements will include the tt̄ cross
section in the various channels and the determination of the top mass [121].
In the “discovery phase” of the LHC millions of tt̄ pairs will be produced already with
10fb−1 of integrated luminosity (c.f. table 1). For most top-quark observables, statistical
uncertainties will then be below the percent level; i.e., the measurements will eventually
be systematics dominated.
In the following subsections we shall discuss tt̄ production mostly from the perspective
of considering the top quark to be a signal. Production of tt̄ pairs is, on the other hand,
also an important background to the search for new particles, including the searches for
the SM and/or non-standard Higgs bosons and for signals of supersymmetry. Obviously,
both roles the top quark plays at the Tevatron and at the LHC require accurate predictions
of tt̄ production and decay.
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Figure 2: Lowest order Feynman diagrams for tt̄ production by the strong interactions:
gg→ tt̄ (a) and qq̄→ tt̄ (b).

4.1. Status of theory
Because mt ≫ ΛQCD, top-quark production and decay processes are hard scattering reac-
tions which can be computed in (QCD) perturbation theory. The tt̄ production processes
are depicted to lowest-order QCD in figure 2. At next-to-leading order (NLO) in the
QCD coupling αs, also qg and q̄g scatterings produce tt̄ pairs. To arbitrary order in QCD
perturbation theory, the total tt̄ cross section for

pp̄, pp → tt̄ + X (4.2)

is given as a convolution of the cross sections for the partonic subprocesses and the parton
distribution functions (PDF) – up to terms which are suppressed with some power of the
hadronic center-of-mass energy

√
s (so-called higher twist terms):

σtt̄h1h2(s,mt) =∑
i, j

Z 1

0
dx1dx2 f h1i (x1,µF) f h2j (x2,µF) σ̂i j(ŝ,mt,αs(µR),µR,µF) . (4.3)

Here i, j = g,q, q̄, and h1,h2 = p, p̄. The PDF f hi (x,µF) is the probability density of
finding parton i with longitudinal momentum fraction x in hadron h at the factorization
scale µF . This scale, which is arbitrary in principle, is usually set equal to a typical scale
of the problem, e.g. mt , in order to avoid large logarithms in perturbation theory. The
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In the following subsections we shall discuss tt̄ production mostly from the perspective
of considering the top quark to be a signal. Production of tt̄ pairs is, on the other hand,
also an important background to the search for new particles, including the searches for
the SM and/or non-standard Higgs bosons and for signals of supersymmetry. Obviously,
both roles the top quark plays at the Tevatron and at the LHC require accurate predictions
of tt̄ production and decay.
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Figure 2: Lowest order Feynman diagrams for tt̄ production by the strong interactions:
gg→ tt̄ (a) and qq̄→ tt̄ (b).

4.1. Status of theory
Because mt ≫ ΛQCD, top-quark production and decay processes are hard scattering reac-
tions which can be computed in (QCD) perturbation theory. The tt̄ production processes
are depicted to lowest-order QCD in figure 2. At next-to-leading order (NLO) in the
QCD coupling αs, also qg and q̄g scatterings produce tt̄ pairs. To arbitrary order in QCD
perturbation theory, the total tt̄ cross section for

pp̄, pp → tt̄ + X (4.2)

is given as a convolution of the cross sections for the partonic subprocesses and the parton
distribution functions (PDF) – up to terms which are suppressed with some power of the
hadronic center-of-mass energy

√
s (so-called higher twist terms):

σtt̄h1h2(s,mt) =∑
i, j

Z 1

0
dx1dx2 f h1i (x1,µF) f h2j (x2,µF) σ̂i j(ŝ,mt,αs(µR),µR,µF) . (4.3)

Here i, j = g,q, q̄, and h1,h2 = p, p̄. The PDF f hi (x,µF) is the probability density of
finding parton i with longitudinal momentum fraction x in hadron h at the factorization
scale µF . This scale, which is arbitrary in principle, is usually set equal to a typical scale
of the problem, e.g. mt , in order to avoid large logarithms in perturbation theory. The
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Single	top	quark	production
•At	LHC	7–13	TeV	

• t-channel	well	measured		
• Wt	recently	established,	

LHC	combination	
• s-channel:	first	evidence
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Single	top	–	t-channel
•13	TeV	measurement	with	2015	data	

• neural	network	with	m(ℓνb),	m(jb),	…	

•Results	
• σ(t)	=	156	±	5stat	±	27syst	pb	
• σ(t)̄	=	91	±	4stat	±	18syst	pb	
• σ(t+t)̄	=	247	±	46	pb		
• Rt		=	σ(t)/σ(t)̄	=	1.72	±	0.09stat	±	0.18syst
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Single	top	–	Wt	channel
•Dilepton	selection	with	1	b-tag	

• main	background	tt	̄
• fit	to	BDT	discriminants	in	signal	and	

background	regions
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Single	top	–	Wt	channel
•Dilepton	selection	with	1	b-tag	

• main	background	tt	̄
• fit	to	BDT	discriminants	in	signal	and	

background	regions
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ATLAS NOTE
ATL-CONF-2016-065

5th August 2016

Measurement of the cross-section of the production of a
W boson in association with a single top quark

with ATLAS at
p
s = 13 TeV

The ATLAS Collaboration

Abstract

The inclusive production cross-section for the associated production of a W boson and top
quark is measured using data from proton–proton collisions at

p
s = 13 TeV. The dataset

corresponds to an integrated luminosity of 3.2 fb�1, and was collected in 2015 by the ATLAS
detector at the Large Hadron Collider at CERN. Events are separated into signal and control
regions based on their jet multiplicity and the number of jets that are identified as containing b
hadrons. The Wt signal is then separated from the tt̄ background using boosted decision tree
discriminants in two regions. The cross-section is extracted by fitting templates to the data
distributions, and is measured to be �Wt = 94 ± 10 (stat.)+28

�23 (syst.) pb. The measurement
is in agreement with the Standard Model prediction.

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Ev
en

ts
 / 

bi
n

0
100
200
300
400
500
600
700
800
900

ATLAS Preliminary
-1 = 13 TeV, 3.2 fbs

BDT (1j1b) response
0.6 0.8 1 1.2 1.4

D
at

a/
Pr

ed
.

0.8

1

1.2

BDT (2j1b) response
0.5 1 1.5

Data 2015
Wt
tt
Z+jets
Fakes
Diboson
Total unc.

Ev
en

ts
 / 

bi
n

0

2000

4000

6000

8000

10000

12000

2j2b yield

• 7.7σ	significance							σWt		(	8	TeV)	=	
• 4.5σ	significance						σWt		(13	TeV)	=	

ATLAS-CONF-2016-065



	/47	[	M.	Cristinziani	|	Top	quark	physics	|	Physics	in	Collision	2016	|	17–Sep–2016	]

Single	top	–	s-channel
•Evidence	of	s-channel	production	

• rare	in	pp	collisions	—	grows	much	slower	with	√s	than	other	top	production	
• CMS	multivariate	discriminator,	ATLAS	matrix-element	approach
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1

1 Introduction

Top quarks at the CERN LHC are produced mainly in pairs through the strong interaction, but
can also be produced individually via a charged-current electroweak interaction. The study of
single top quark production thereby provides probes of the electroweak sector of the standard
model (SM), which predicts three production channels: the s channel, the t channel, and the
W-associated or tW production channel (Fig. 1).

Figure 1: Leading-order Feynman diagram for single top quark production in (left) the s chan-
nel, whose production rate is studied in this paper, (middle) the dominant next-to-leading-
order diagram in the t channel, and (right) the tW production channel.

The first observations of single top quark production were announced by the D0 and CDF
collaborations at the Fermilab Tevatron in 2009 [1, 2]. Evidence for s channel production was
announced by the D0 collaboration in 2013 [3], while the process was definitively observed
when combining the searches from both the D0 and the CDF collaborations [4]. Evidence for
s channel production was confirmed by the ATLAS Collaboration at the LHC [5], where the
search is challenging because the process is suppressed in proton-proton (pp) collisions.

For pp collisions at
p

s = 7 and 8 TeV, the SM predicted s channel cross sections are

ss(7 TeV) = 4.56 ± 0.07 (scale) ± 0.17 (PDF)pb, and
ss(8 TeV) = 5.55 ± 0.08 (scale) ± 0.21 (PDF)pb,

(1)

as calculated in quantum chromodynamics (QCD) at approximate next-to-next-to-leading or-
der (NNLO), including resummation of soft-gluon emission within next-to-next-to-leading log-
arithms (NNLL) [6]. The first uncertainty corresponds to a doubling and halving of the renor-
malization and factorization scales. The second uncertainty is from the choice of parton distri-
bution functions (PDFs) at the 90% confidence level (CL).

All three single top quark production channels, shown in Fig. 1, are directly related to the
Cabibbo-Kobayashi-Maskawa matrix element Vtb, providing a direct measurement of this SM
parameter. The s channel production process is of special interest since a possible deviation
from the SM prediction of its cross section may indicate the presence of mechanisms beyond
the standard model (BSM), as predicted by models that involve the exchange of a non-SM
mediator, such as a W0 boson or a charged Higgs boson [7]. A review of deviations from SM
predictions for s and t channel modes in BSM scenarios can be found in Ref. [8].

This paper presents a search performed at the CMS experiment for single top quark production
in the s channel considering the leptonic decay channels of the W boson produced in top quark
decay. Only the decays of the W boson into a muon or an electron (` = µ, e) and a correspond-
ing neutrino are considered. Decays of the W boson into a tau lepton and a neutrino, where
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Figure 5: Comparison of data with simulation for the distributions of the BDT discriminants in
the (upper left) 2-jets 2-tags, (upper right) 2-jets 1-tag, and (bottom) 3-jets 2-tags event category,
for the muon channel at 8 TeV. The simulation is normalized to the combined (7+8 TeV) fit
results. The inner uncertainty bands include the post-fit background rate uncertainties only,
the outer ones include the total systematic uncertainty, obtained summing in quadrature the
individual contributions.

and evaluated at the maximum-likelihood estimate in the background-only hypothesis. Pseudo-
data are generated to construct the distribution of the test statistic for the background-only and
the signal + background hypotheses. All the nuisance parameters are allowed to vary accord-
ing to their prior distributions in the pseudo-experiments, while in the evaluation of q0, the
likelihood is maximized only with respect to the background rates nuisance parameters.

9 Results

The single top quark production cross section in the s channel has been measured to be:

ss = 7.1 ± 8.1 (stat + syst) pb, muon channel, 7 TeV;
ss = 11.7 ± 7.5 (stat + syst) pb, muon channel, 8 TeV;
ss = 16.8 ± 9.1 (stat + syst) pb, electron channel, 8 TeV;
ss = 13.4 ± 7.3 (stat + syst) pb, combined, 8 TeV.

The observed (expected) significance of the measurement is 0.9 (0.5) standard deviations at
7 TeV and 2.3 (0.8) for the combined muon and electron fit at 8 TeV. The 68% CL interval for the
expected significance is 0.0–1.5 at 7 TeV and 0.0–1.8 at 8 TeV.

The combined fit to the 7 and 8 TeV data determines the signal cross section relative to the
SM predictions with a best fit value of bsignal = 2.0 ± 0.9. The observed significance of the
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8 Signal extraction

The amount of signal in the selected data set is measured by means of a binned maximum-likelihood
fit of the ME discriminant in the signal region. In order to better constrain the W+jets background, the
lepton charge in the W+jets-enriched control region is used as an additional discriminant variable in the
fit, as it exploits the charge asymmetry of the incoming partons participating in the W+jets processes. The
likelihood function used in the fit consists of a Poisson term for the overall number of observed events, a
product of probability densities of the discriminants taken over all bins of the distributions and a product
of Gaussian constraint terms for the nuisance parameters which incorporate all statistical and systematic
uncertainties in the fit. While all backgrounds are constrained by their given uncertainties, the signal
strength µ=�s/�th

s is a free parameter in the fit.

The significance of the fit result is obtained with a profile-likelihood-ratio test statistic which is used
to determine how well the fit result agrees with the background-only hypothesis. Ensemble tests for
all nuisance parameters are performed using the aforementioned likelihood function to get the expected
distributions of the test statistic for the background-only and the signal-plus-background hypotheses.
The significance is evaluated by integrating the probability density of the test statistic expected for the
background-only hypothesis above the observed value. In a similar fashion the confidence interval of
the measured signal strength can be estimated by studying its p-value dependence for the background-
only hypothesis, as well as for the signal-plus-background hypothesis, by means of ensemble tests. The
statistical evaluation used throughout this analysis is based on the RooStats framework [73].

9 Results

The results of the maximum-likelihood fit are presented in Fig. 3, which shows the two discriminant
distributions used in the fit for all samples scaled by the fit results. For the ME discriminant the signal
contribution in the data after the subtraction of all background samples is given in Fig. 4. After the fit, none
of the nuisance parameters is biased or further constrained by the fit, except for the W+jets normalization.
Here, the rather conservative input uncertainty is halved by the fit to signal and the W+jets control regions.
The observed signal strength obtained by the fit is µ=0.86+0.31

�0.28 with an observed (expected) significance
of 3.2 (3.9) standard deviations. Table 1 summarizes the pre-fit and post-fit event yields for the signal and
all backgrounds.

This analysis measures a cross-section of �s=4.8 ± 0.8(stat.)+1.6
�1.3(syst.) pb=4.8+1.8

�1.6 pb. The main sources
of uncertainty are collected in Table 2. The largest contribution arises from the limited sample sizes for
data and the simulation. The jet energy resolution plays a major role, as well as the modelling of the
single-top-quark t-channel background and scale variations for the signal. All other systematic e↵ects are
negligible.

The measured cross-section can be interpreted in terms of the CKM matrix element Vtb. The ratio of the
measured cross-section to the prediction is equal to | fLVVtb|2, where the form factor fLV could be modified
by new physics or radiative corrections through anomalous coupling contributions, for example those in
Refs. [74–76]. The s-channel production and top quark decays through |Vts| and |Vtd | are assumed to be
small. A lower limit on |Vtb| is obtained for fLV = 1 as in the SM, without assuming CKM unitarity [77,
78]. The measured value of | fLVVtb| is 0.93+0.18

�0.20, and the corresponding lower limit on |Vtb| at the 95%
confidence level is 0.5.

9

Δσ/σ	=	37%

3.2σ	obs	
3.9σ	exp

arXiv:1603.02555, submitted to JHEP
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mtop	–	measurement	basics
•Template	method	

• chose	an	appropriate	estimator	for	mt	
‣ e.g.	m(qq̄b)	

• parameterise	estimator	as	function	of	mtMC	

• perform	maximum	likelihood	fit	to	data	

•Here:	measuring	the	“Monte-Carlo”	mass	
• theoretical	uncertainty	up	to	1	GeV	when	

translating	to	a	well	defined	top	mass	
•Goal	in	all	analyses	

• Try	to	understand/reduce	impact	of	systematics

32

!  Build+es>mator+for+mt+(e.g.+inv.+mass+of+decay+products)+
!  Parametrize+es>mator+as+func>on+of+mt

MC++
(and+possible+other+parameters)+

!  Possible+per+event+combina>on+of+mul>ple+es>mators+
!  Ideogram+method,+CMS+allQjets+and+l+jets+
!  Template+method,+all+other+measurements+
!  Perform+maximum+likelihood+fit+to+data+

September+30th+2014+Eike+Schlieckau+Q+Universität+Hamburg+3+
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Top mass measurement methods

Non-standard techniques

1) NLO QCD comparison to 

    inclusive and tt+jet cross sections (no MC used)

    →mass defined in NLO QCD calculation

2) kinematic endpoints (no MC used)

3) B-hadron lifetime

4) J/ψ final states (independent of JSF)

Reconstruct top decay products with kinematic fit 
 based on  likelihood (ATLAS) or chi2 (CMS)

M
W

M
top

Standard technique: Direct mass reconstruction 

Exploit known M
W
  to constrain physics and detector effect

Fit M
top

 with n additional parameters

1D fit  M
top

 

 
2D fit M

top
 and jet scale factor (JSF)  

         exploiting M
W
 constraint

3D fit M
top

, JSF and bJSF (ATLAS 2013)

         b-JSF relative b-to-light JSF using
         ratio jet from W-boson and b-jet

Template method (e.g. ATLAS, CDF)
fit template of reconstructed top mass 
from MC to data

Ideogram method (e.g. CMS)
Likelihood function to test compatibility of

    event kinematics with top decay hypothesis
    (all good permutations are used)

 Matrix element method (e.g. D0)
to calculate signal and background probability 
density for all parton-jet assignments
as function of M

top
 and JSF

Example l+jet channel:
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mtop	–	Tevatron	update
•Dilepton	channel	measurements	

• matrix-element	method	
• neutrino	weighting	
• →	statistical	combination	of	the	two	

•New	Tevatron	combination	
• Δmtop	/	mtop	=	0.37%	
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•Exploit	σtt	̄=	σtt	̄(mtop)		
• well	defined	renormalisation	scheme	
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mtop	–	template	method	at	the	LHC
•ATLAS	dilepton	

• cannot	directly	reconstruct	top	mass,	choose	estimator	mℓb	
• optimise	total	uncertainty	through	cut	on	minimal	average	pT,ℓb	

‣ cleaner	event	reconstruction	leads	to	reduced	systematics	

•Resulting	in			mtop	=	172.84	±	0.34stat	±	0.61syst	GeV	
• →	best	single	measurement	in	the	dilepton	channel	
• systematics	dominated	by	jet	energy	scale	uncertainty	
• Δmtop	/	mtop	=	0.40%
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mtop	–	current	summary
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mtop	–	novel	extraction	techniques
•Using	tracks	and	leptons	

• reduced	experimental	uncertainties	
‣ reconstruct	secondary	vertex	from	b-

hadron	decay	
‣ m(SV,ℓ)	is	sensitive	to	mtop	

‣ better	momentum	resolution	
‣ smaller	corrections	compared	to	jets	
‣ split	in	bins	of	SV-track	multiplicity	

• Systematic	uncertainties	
‣ experimental	are	<500	MeV	
‣ b-fragmentation	(–0.54;	+1.00	GeV)	
‣ top	quark	pT	(0.82	GeV)
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Reduce#experimental#uncertain?es#by#using 
only#charged#tracks#and#leptons.

• Reconstruct#secondary$vertex#from#b5hadron#decay#

• Exploit#vertex.lepton$invariant$mass#

• Higher#momentum#resolu?on, 
smaller#correc?ons  
compared#to#jets
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20 5 Summary and prospects

• Pileup: The effect of additional concurrent p p interactions on the measured preci-
sion is estimated by varying the cross section for inelastic p p collisions used in the
pileup generation by ±5%, and propagating the difference to the extracted mt result.

• Secondary-vertex track multiplicity: The distribution of the number of tracks as-
signed to secondary vertices is not well described by simulation, as has been ob-
served in several processes involving b quarks. Generally, the data shows about 5–
10% fewer tracks than the simulation. As the analysis is carried out in exclusive bins
of track multiplicity to minimize the impact of this issue, it only enters as a second-
order effect when combining the results from different bins, as the individual bins
would be assigned slightly different weights in simulation. This is corrected for by
reweighting each bin content by the yield observed in the data, and the impact of
this reweighting on the final result is quoted as a remaining systematic uncertainty.

• Secondary-vertex mass modeling: A discrepancy between the observed secondary
vertex mass (i.e. the invariant mass of the tracks used to reconstruct the vertex) and
the one predicted in the simulation is observed. The effect is propagated in the
msvl shape by weighting the simulated events to reflect the observed distributions in
each bin of track multiplicity, and the resulting shift in the extracted top quark mass
is quoted as a systematic uncertainty.

• Background normalization: Processes not involving top quarks constitute about
5% of the overall selected events and their combined yield is allowed to float within
about 30% in the fit. The normalization of the main background processes is further-
more determined in dedicated control samples in the data. To estimate the uncer-
tainty in the result stemming from the uncertainty in the background normalization,
the expected yields of backgrounds are varied within their uncertainties, and the re-
sulting change in the msvl shape is propagated to the final result. These variations
are observed to have a negligible impact on the measurement as they are absorbed
by upward/downward variations of the background yields in the fit.

4.4 Results

The top quark mass is measured from the invariant mass distribution of leptons and recon-
structed secondary vertices from b hadron decays using only charged particles. After calibrat-
ing the measurement with simulated events, a value of

mt = 173.68 ± 0.20(stat) +1.58
�0.97(syst) GeV

is obtained from the data, with a combined uncertainty of +1.59
�0.99 GeV. The overall systematic

uncertainty is dominated by the uncertainty in the b quark fragmentation and the modeling
of kinematic properties of top quarks with minimal sensitivity to experimental uncertainties.
Figure 10 shows the combined result as well as the values obtained separately for the five
lepton channels and the three track multiplicity bins. The observed trend as a function of the
track multiplicity is compatible with the results obtained regarding the modeling of the relative
momentum of secondary vertices inside jets, as discussed in Section 3.

5 Summary and prospects
A novel measurement of the top quark mass has been presented, using an observable that relies
entirely on the reconstruction of charged particles. It shows minimal sensitivity to experimen-
tal sources of uncertainty. The final result yields a value of mt = 173.68+1.59

�0.99 GeV, equivalent
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•Using	J/ψ	mesons	
• Select	tt	̄events	with	Β→J/ψ→μμ	
‣ reconstruct	m(ℓ,	J/ψ),	small	BR,	666	

events	selected	

• Systematics	mainly	
‣ b-fragmentation	and	top	modeling
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20 5 Summary and prospects

• Pileup: The effect of additional concurrent p p interactions on the measured preci-
sion is estimated by varying the cross section for inelastic p p collisions used in the
pileup generation by ±5%, and propagating the difference to the extracted mt result.

• Secondary-vertex track multiplicity: The distribution of the number of tracks as-
signed to secondary vertices is not well described by simulation, as has been ob-
served in several processes involving b quarks. Generally, the data shows about 5–
10% fewer tracks than the simulation. As the analysis is carried out in exclusive bins
of track multiplicity to minimize the impact of this issue, it only enters as a second-
order effect when combining the results from different bins, as the individual bins
would be assigned slightly different weights in simulation. This is corrected for by
reweighting each bin content by the yield observed in the data, and the impact of
this reweighting on the final result is quoted as a remaining systematic uncertainty.

• Secondary-vertex mass modeling: A discrepancy between the observed secondary
vertex mass (i.e. the invariant mass of the tracks used to reconstruct the vertex) and
the one predicted in the simulation is observed. The effect is propagated in the
msvl shape by weighting the simulated events to reflect the observed distributions in
each bin of track multiplicity, and the resulting shift in the extracted top quark mass
is quoted as a systematic uncertainty.

• Background normalization: Processes not involving top quarks constitute about
5% of the overall selected events and their combined yield is allowed to float within
about 30% in the fit. The normalization of the main background processes is further-
more determined in dedicated control samples in the data. To estimate the uncer-
tainty in the result stemming from the uncertainty in the background normalization,
the expected yields of backgrounds are varied within their uncertainties, and the re-
sulting change in the msvl shape is propagated to the final result. These variations
are observed to have a negligible impact on the measurement as they are absorbed
by upward/downward variations of the background yields in the fit.

4.4 Results

The top quark mass is measured from the invariant mass distribution of leptons and recon-
structed secondary vertices from b hadron decays using only charged particles. After calibrat-
ing the measurement with simulated events, a value of

mt = 173.68 ± 0.20(stat) +1.58
�0.97(syst) GeV

is obtained from the data, with a combined uncertainty of +1.59
�0.99 GeV. The overall systematic

uncertainty is dominated by the uncertainty in the b quark fragmentation and the modeling
of kinematic properties of top quarks with minimal sensitivity to experimental uncertainties.
Figure 10 shows the combined result as well as the values obtained separately for the five
lepton channels and the three track multiplicity bins. The observed trend as a function of the
track multiplicity is compatible with the results obtained regarding the modeling of the relative
momentum of secondary vertices inside jets, as discussed in Section 3.

5 Summary and prospects
A novel measurement of the top quark mass has been presented, using an observable that relies
entirely on the reconstruction of charged particles. It shows minimal sensitivity to experimen-
tal sources of uncertainty. The final result yields a value of mt = 173.68+1.59

�0.99 GeV, equivalent
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tt	̄spin	correlations
•In	QCD	the	spin	of	heavy	quarks	is	correlated	at	production	

•Very	short	lifetime	
• τtop	<	τhadronisation	<	τspin-decorrelation	
• information	of	spin	propagates	to	the	daughter	particles	
‣ direct	measurement	with	charged	leptons	
‣ can	be	studied	with	or	without	reconstruction	of	tt	̄system	

•Spin	correlation	strength	
• dependent	on	the	observables,	production	mechanisms	and	energy	
• can	be	extracted	from	angular	variables	(dilepton	Δφℓℓ	,	cos	θ)
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tt	̄spin	correlations	at	LHC
•in	tt	̄dilepton	

• observables	formed	by	angles	between	
the	two	leptons	

• also	differential	

•in	tt	̄μ+jets	
• using	matrix-element	method	
• calculate	sample	likelihood	for	two	

hypotheses
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tt	̄spin	correlations	at	Tevatron
•Different	physics	at	Tevatron	and	LHC	

• pp̄	vs	pp	→	qq̄	vs	gg	(like	helicity	gluons)	at	different	energies	
• →	spin	correlation	at	both	interesting	and	complementary.		

•Tevatron	matrix-element	technique	
• Evidence	(4.2σ)	for	spin-correlations	in	agreement	with	SM	prediction	
• extract	gg→tt	̄fraction	in	absence	on	BSM:	fgg	=	0.08	±	0.16

39
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Table 1
Numbers of expected events, and numbers of events found in data.

Z/γ ⋆ Instrumental Diboson tt̄ Total Data

eµ 13.2 16.4 3.7 303.4 336.7 347
ee 12.2 1.8 1.9 102.4 118.3 105
µµ 9.8 0.0 1.7 85.0 96.5 93

W +jets Multijet Other
e+jets 22.7 23.1 15.3 427.4 488.6 534
µ+jets 24.1 3.5 11.6 341.4 380.6 440

are generated with the leading order (LO) matrix element gener-
ator alpgen (version v2.11) [46], interfaced to pythia [47] (ver-
sion 6.409, D0 modified tune A [48]) for parton showering and 
hadronization. Diboson events are generated with pythia. More 
details about background estimation can be found in Refs. [38,39]. 
Table 1 shows the number of expected events for each background 
source and for the signal, and the number of selected events 
in data. The number of the expected tt̄ events is normalized to 
the NLO cross section of 7.45+0.48

−0.67 pb [49]. The observed num-
ber of events in the ℓ+jets channel is higher than the expected, 
mainly due to an excess in the µ+jets channel. The expected and 
observed number of events are consistent when the systematic 
uncertainties, partially correlated between the ℓ+jets and ℓℓ chan-
nels, are taken into account. These uncertainties are of the order 
of 10%. The most important contributions are the integrated lu-
minosity, b-quark jet modeling, uncertainties on the tt̄ modeling 
and uncertainty in the heavy flavor NLO K -factors of the W +jets 
background in the ℓ+jets channel.

3. Measurement technique and results

Our measurement uses the same matrix element (ME) approach 
as Refs. [16,50], adapted to the spin correlation measurement. 
This method consists of calculating the spin correlation discrimi-
nant [51]

R(x) = Ptt̄(x,SM)

Ptt̄(x,SM) + Ptt̄(x,null)
, (1)

where Ptt̄(x, H ) is a per-event probability for hypothesis H for 
the vector of the reconstructed object parameters x. Hypothesis 
H = SM assumes the tt̄ spin correlation strength predicted by the 
SM, and H = null assumes uncorrelated spins. These probabilities 
are calculated from the integral

Ptt̄(x,H ) = 1
σobs

∫
fPDF(q1) fPDF(q2) ×

(2π)4|M (y,H )|2
q1q2s

W (x, y)d&6dq1dq2. (2)

Here, q1 and q2 represent the respective fractions of proton and 
antiproton momentum carried by the initial state partons, fPDF
represents the parton distribution functions, s is the square of the 
pp̄ center-of-mass energy, and y refers to partonic final state four-
momenta of the particles. The detector transfer functions, W (x, y), 
correspond to the probability to reconstruct four-momenta y as x, 
d&6 represents the six-body phase space, and σobs is the observed 
tt̄ production cross section, calculated using M (H = null), tak-
ing into account the efficiency of the selection. The same σobs is 
used for H = null and H = SM hypotheses, because the differ-
ence in observed cross-sections is small, at the order of percent, 
and affects only the separation power of the discriminant R . This 
calculation uses the LO matrix element M (y, H ) for the pro-
cesses qq̄ → tt̄ → W +W −bb̄ → ℓ±νℓqq′bb̄ or ℓ+ℓ−νℓν̄ℓbb̄, calcu-
lated according to the spin correlation hypothesis H . The matrix 

Fig. 1. Distribution of the spin correlation discriminant R in data and for the 
mc@nlo tt̄ prediction with background, showing the merged results from ℓℓ and 
ℓ+jets events. The lower plot represents the difference between data and simula-
tion with SM spin correlation and without spin correlation. The error bars corre-
spond to statistical uncertainties.

element M is averaged over the colors and spins of the initial 
partons, and summed over the final colors and spins. For the hy-
pothesis H = null, we set the spin correlation part to zero [11,12]. 
In the calculation, we assume perfect measurements of the lep-
ton and jet directions, and perfect measurement of electron energy, 
which reduces the number of dimensions that require integration. 
The probability is obtained by integrating over the remaining kine-
matic variables. In the ℓℓ final state, we use the top and antitop 
quark masses, W + and W − boson masses, pT of two jets, 1/pT
for any muons and pT and φ of the tt̄ system as integration vari-
ables. In the ℓ+jets final state, the variables are the top and antitop 
quark masses, the mass of the W boson decaying to qq̄′ , pT of 
the d-type quark jet, pz of the leptonically decaying top quark and 
1/pT of a muon. Given the inability to know the flavor of the two 
quarks from the W boson decay, or which b-tagged jet originates 
from the decay of the top or anti-top quark, all possible jet-parton 
assignments are considered and Ptt̄ is calculated as the sum over 
all the probabilities. 

The distributions in the discriminant R of Eq. (1) are calcu-
lated for simulated tt̄ events with SM spin correlation and with 
uncorrelated spins. These and the expected contributions from the 
background events are used as templates to fit the R distribution 
in data through a binned maximum-likelihood fit with two free 
parameters: the tt̄ production cross section σtt̄ , and the measured 
fraction of events with the SM spin correlation strength, f .

This fit of the distributions in the ℓℓ and ℓ+jets channels is 
performed simultaneously, with the expected number of events ni
in each bin i given by

ni = σtt̄

7.45 pb

(
f ni

SM + (1 − f )ni
null

)
+ ni

bckg, (3)

where ni
SM and ni

null are the number of events in bin i based on 
the mc@nlo prediction, with and without spin correlations, and 
ni

bckg is the expected number of background events in the same 
bin. We use a non-uniform bin width and require a sufficiently 
large number of events for each bin in order to avoid bins with 
zero events, as they could bias the fit result. The exact number of 
bins and their size were optimized to give the smallest expected 
statistical uncertainty in the case of the SM spin correlation. We 
use the same number and widths of the bins for the ℓ+jets and 
ℓℓ channels so as to keep the bin optimization procedure relatively 
simple. The fit yields f = 1.16 ± 0.21 (stat). The R distribution for 
the combined ℓℓ and ℓ+jets channels is shown in Fig. 1. We es-
timate the significance of the non-zero spin correlation hypothesis 

arXiv:1512.08818, PLB 757 (2016) 199
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tt	̄forward-backward	asymmetry	AFB
•At	Tevatron,	pp̄→	tt	̄production	

• top	quark	preferentially	follows	p	beam	direction	
• asymmetry	zero	at	LO,	but	appears	at	O(αs3)	
‣ interference	between	Born	vs	box	diagrams	and	ISR	vs	FSR	in	tt+̄gluon	

40

tT production charge asymmetry T introduction 
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� Historically, AFB bigger than expected in SM (~9%), especially at high m(tT) 
� Less pronounced in recent measurements, especially from D0 

� LHC collides pp, not ppbar T no AFB  but define analogous charge asymmetry: 
 
 

 
� SM prediction for inclusive Ac is ~1% 
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•Until	2013	AFB		unexpectedly	large	(SM	~10%)	
• larger	than	expected	in	SM,	especially	at	high	mtt	̄	
• AFB	=	(17±4)%	
• AFB	=	(30±7)%	for	m(tt)̄>450GeV	(CDF)	
• →	many	new	physics	scenarios	proposed	to	explain	this
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tt	̄charge	asymmetry	–	AC
•LHC	collides	pp,	not	pp̄	—	no	AFB	

• but	can	define	analogously	a	charge	asymmetry	

• SM	prediction	for	inclusive	AC	is	1.1%	
‣ much	smaller	effect	than	at	Tevatron	(gg	dominates)	

•In	dilepton	channel	
• can	additionally	define	a	dilepton	asymmetry	

• SM	prediction	is	0.6%

41
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but requiring the two leptons to have the same charge. The
shapes of the distributions for various kinematic variables
of leptons, jets, and Emiss

T are checked and found to be well
modeled in the MC simulation. The scale factors are
derived in this region by comparing data and simulation
and are then applied to the simulated events in the signal
region. The scale factor is 1.2! 0.3 in the ee channel,
1.1! 0.2 in the eμ channel, and 3.7! 0.8 in the μμ
channel, where the uncertainties are statistical. The sources
of misidentified muons, such as heavy-flavor decays,
are quite different from those of misidentified electrons.
The large difference between the scale factor for the μμ
and the eμ channel is mainly due to the b-tagging require-
ment, that is applied only in the μμ channel. However,
the shapes of the distributions of the relevant kinematic
variables in the μμ channel are cross-checked in control
regions and found to be consistent with the distributions
from a purely data-driven method. The systematic uncer-
tainties of both Drell-Yan background and the background
due to events from misidentified and nonprompt leptons are
discussed in detail in Sec. VII B.
The numbers of events for both expectation and data

after applying the selection criteria are shown in Table II for
the three final states. The uncertainties shown correspond to
the total uncertainty (including the statistical uncertainties
from the limited size of the MC simulated samples, as well
as the systematic uncertainties). The eμ channel contributes
with the largest number of events, followed by μμ and ee.
Figure 1 shows good agreement within the systematic
uncertainties between data and the predictions as a function
of jet multiplicity, lepton pT and η, for all channels
combined.

V. OBSERVABLES

In dileptonic events, the charge asymmetry can be
measured in two complementary ways: using the pseudor-
apidity of the charged leptons or using the rapidity of the top
quarks. The asymmetry based on the charged leptons uses
the difference of the absolute pseudorapidity values of the
positively and negatively charged leptons, jηlþ j and jηl− j

Δjηj ¼ jηlþ j − jηl− j: ð1Þ

The leptonic asymmetry is defined as

All
C ¼ NðΔjηj > 0Þ − NðΔjηj < 0Þ

NðΔjηj > 0Þ þ NðΔjηj < 0Þ
; ð2Þ

where NðΔjηj > 0Þ and NðΔjηj < 0Þ represent the number
of events with positive and negative Δjηj, respectively. The
SM prediction at NLO in QCD, including electroweak
corrections, is All

C ¼ 0.0064! 0.0003 [23], where the
uncertainty includes variations in scale and choice of
PDF. The leptonic asymmetry, that is slightly diluted with
respect to the underlying top-quark asymmetry, has the

advantage that no reconstruction of the top-antitop quark
system is required. Furthermore, it is also sensitive to top-
quark polarization effects, which occur in some models
predicting enhanced charge asymmetries.
For the tt̄ charge asymmetry, the tt̄ system has to be

reconstructed and the absolute values of the top and antitop
quark rapidities (jytj and jyt̄j, respectively) need to be
computed. Using

Δjyj ¼ jytj − jyt̄j; ð3Þ

the tt̄ charge asymmetry is defined as

Att̄
C ¼ NðΔjyj > 0Þ − NðΔjyj < 0Þ

NðΔjyj > 0Þ þ NðΔjyj < 0Þ
; ð4Þ

where NðΔjyj > 0Þ and NðΔjyj < 0Þ represent the
number of events with positive and negative Δjyj, respec-
tively. The top (antitop) quarks are identified as those
giving rise to positive (negative) leptons. The SM predic-
tion at NLO QCD, including electroweak corrections, is
Att̄
C ¼ 0.0111! 0.0004 [23].
The measurements of All

C and Att̄
C are performed inclu-

sively and differentially as a function of mtt̄, pT;tt̄, and βz;tt̄.
The fractions of quark-antiquark annihilation and gluon
fusion processes change as a function of mtt̄, and thus an
increasing asymmetry for increasing mtt̄ is expected. Since
pT;tt̄ depends on the initial-state radiation, the asymmetry
value is expected to change as a function of pT;tt̄. In
particular, the contribution to the asymmetry from inter-
ference of diagrams with initial- and final-state radiation is
negative, resulting in decreasing asymmetries with increas-
ing pT;tt̄. While the initial antiquark is always a sea quark,
the initial quark can be a valence quark. On average,
valence quarks have higher momenta than sea quarks,
which can result in a boost of the tt̄ system in the direction
of the incoming quark. This results in an increased charge
asymmetry for increasing βz;tt̄. The asymmetry is also
expected to be different inclusively and differentially in
different BSM models.

VI. ASYMMETRY MEASUREMENTS

The following measurements are performed:
(i) inclusive measurements of the tt̄ and leptonic asym-

metries, corrected for reconstruction and acceptance
effects to parton level in the full phase space;

(ii) inclusive measurements of the tt̄ and leptonic
asymmetries, corrected for reconstruction effects
to particle level in the fiducial region;

(iii) differential measurements of the tt̄ and leptonic
asymmetries as a function of mtt̄, pT;tt̄, and βz;tt̄
in the fiducial region and the full phase space.

Particle-level results consider stable particles with a
mean lifetime larger than 0.3 × 10−10 s. For the parton-
level measurements, MC generator-level objects are used.

G. AAD et al. PHYSICAL REVIEW D 94, 032006 (2016)
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expected to be different inclusively and differentially in
different BSM models.

VI. ASYMMETRY MEASUREMENTS

The following measurements are performed:
(i) inclusive measurements of the tt̄ and leptonic asym-

metries, corrected for reconstruction and acceptance
effects to parton level in the full phase space;

(ii) inclusive measurements of the tt̄ and leptonic
asymmetries, corrected for reconstruction effects
to particle level in the fiducial region;

(iii) differential measurements of the tt̄ and leptonic
asymmetries as a function of mtt̄, pT;tt̄, and βz;tt̄
in the fiducial region and the full phase space.

Particle-level results consider stable particles with a
mean lifetime larger than 0.3 × 10−10 s. For the parton-
level measurements, MC generator-level objects are used.
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but requiring the two leptons to have the same charge. The
shapes of the distributions for various kinematic variables
of leptons, jets, and Emiss

T are checked and found to be well
modeled in the MC simulation. The scale factors are
derived in this region by comparing data and simulation
and are then applied to the simulated events in the signal
region. The scale factor is 1.2! 0.3 in the ee channel,
1.1! 0.2 in the eμ channel, and 3.7! 0.8 in the μμ
channel, where the uncertainties are statistical. The sources
of misidentified muons, such as heavy-flavor decays,
are quite different from those of misidentified electrons.
The large difference between the scale factor for the μμ
and the eμ channel is mainly due to the b-tagging require-
ment, that is applied only in the μμ channel. However,
the shapes of the distributions of the relevant kinematic
variables in the μμ channel are cross-checked in control
regions and found to be consistent with the distributions
from a purely data-driven method. The systematic uncer-
tainties of both Drell-Yan background and the background
due to events from misidentified and nonprompt leptons are
discussed in detail in Sec. VII B.
The numbers of events for both expectation and data

after applying the selection criteria are shown in Table II for
the three final states. The uncertainties shown correspond to
the total uncertainty (including the statistical uncertainties
from the limited size of the MC simulated samples, as well
as the systematic uncertainties). The eμ channel contributes
with the largest number of events, followed by μμ and ee.
Figure 1 shows good agreement within the systematic
uncertainties between data and the predictions as a function
of jet multiplicity, lepton pT and η, for all channels
combined.

V. OBSERVABLES

In dileptonic events, the charge asymmetry can be
measured in two complementary ways: using the pseudor-
apidity of the charged leptons or using the rapidity of the top
quarks. The asymmetry based on the charged leptons uses
the difference of the absolute pseudorapidity values of the
positively and negatively charged leptons, jηlþ j and jηl− j

Δjηj ¼ jηlþ j − jηl− j: ð1Þ

The leptonic asymmetry is defined as

All
C ¼ NðΔjηj > 0Þ − NðΔjηj < 0Þ

NðΔjηj > 0Þ þ NðΔjηj < 0Þ
; ð2Þ

where NðΔjηj > 0Þ and NðΔjηj < 0Þ represent the number
of events with positive and negative Δjηj, respectively. The
SM prediction at NLO in QCD, including electroweak
corrections, is All

C ¼ 0.0064! 0.0003 [23], where the
uncertainty includes variations in scale and choice of
PDF. The leptonic asymmetry, that is slightly diluted with
respect to the underlying top-quark asymmetry, has the

advantage that no reconstruction of the top-antitop quark
system is required. Furthermore, it is also sensitive to top-
quark polarization effects, which occur in some models
predicting enhanced charge asymmetries.
For the tt̄ charge asymmetry, the tt̄ system has to be

reconstructed and the absolute values of the top and antitop
quark rapidities (jytj and jyt̄j, respectively) need to be
computed. Using

Δjyj ¼ jytj − jyt̄j; ð3Þ

the tt̄ charge asymmetry is defined as

Att̄
C ¼ NðΔjyj > 0Þ − NðΔjyj < 0Þ

NðΔjyj > 0Þ þ NðΔjyj < 0Þ
; ð4Þ

where NðΔjyj > 0Þ and NðΔjyj < 0Þ represent the
number of events with positive and negative Δjyj, respec-
tively. The top (antitop) quarks are identified as those
giving rise to positive (negative) leptons. The SM predic-
tion at NLO QCD, including electroweak corrections, is
Att̄
C ¼ 0.0111! 0.0004 [23].
The measurements of All

C and Att̄
C are performed inclu-

sively and differentially as a function of mtt̄, pT;tt̄, and βz;tt̄.
The fractions of quark-antiquark annihilation and gluon
fusion processes change as a function of mtt̄, and thus an
increasing asymmetry for increasing mtt̄ is expected. Since
pT;tt̄ depends on the initial-state radiation, the asymmetry
value is expected to change as a function of pT;tt̄. In
particular, the contribution to the asymmetry from inter-
ference of diagrams with initial- and final-state radiation is
negative, resulting in decreasing asymmetries with increas-
ing pT;tt̄. While the initial antiquark is always a sea quark,
the initial quark can be a valence quark. On average,
valence quarks have higher momenta than sea quarks,
which can result in a boost of the tt̄ system in the direction
of the incoming quark. This results in an increased charge
asymmetry for increasing βz;tt̄. The asymmetry is also
expected to be different inclusively and differentially in
different BSM models.

VI. ASYMMETRY MEASUREMENTS

The following measurements are performed:
(i) inclusive measurements of the tt̄ and leptonic asym-

metries, corrected for reconstruction and acceptance
effects to parton level in the full phase space;

(ii) inclusive measurements of the tt̄ and leptonic
asymmetries, corrected for reconstruction effects
to particle level in the fiducial region;

(iii) differential measurements of the tt̄ and leptonic
asymmetries as a function of mtt̄, pT;tt̄, and βz;tt̄
in the fiducial region and the full phase space.

Particle-level results consider stable particles with a
mean lifetime larger than 0.3 × 10−10 s. For the parton-
level measurements, MC generator-level objects are used.
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shapes of the distributions for various kinematic variables
of leptons, jets, and Emiss
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modeled in the MC simulation. The scale factors are
derived in this region by comparing data and simulation
and are then applied to the simulated events in the signal
region. The scale factor is 1.2! 0.3 in the ee channel,
1.1! 0.2 in the eμ channel, and 3.7! 0.8 in the μμ
channel, where the uncertainties are statistical. The sources
of misidentified muons, such as heavy-flavor decays,
are quite different from those of misidentified electrons.
The large difference between the scale factor for the μμ
and the eμ channel is mainly due to the b-tagging require-
ment, that is applied only in the μμ channel. However,
the shapes of the distributions of the relevant kinematic
variables in the μμ channel are cross-checked in control
regions and found to be consistent with the distributions
from a purely data-driven method. The systematic uncer-
tainties of both Drell-Yan background and the background
due to events from misidentified and nonprompt leptons are
discussed in detail in Sec. VII B.
The numbers of events for both expectation and data

after applying the selection criteria are shown in Table II for
the three final states. The uncertainties shown correspond to
the total uncertainty (including the statistical uncertainties
from the limited size of the MC simulated samples, as well
as the systematic uncertainties). The eμ channel contributes
with the largest number of events, followed by μμ and ee.
Figure 1 shows good agreement within the systematic
uncertainties between data and the predictions as a function
of jet multiplicity, lepton pT and η, for all channels
combined.

V. OBSERVABLES

In dileptonic events, the charge asymmetry can be
measured in two complementary ways: using the pseudor-
apidity of the charged leptons or using the rapidity of the top
quarks. The asymmetry based on the charged leptons uses
the difference of the absolute pseudorapidity values of the
positively and negatively charged leptons, jηlþ j and jηl− j
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The leptonic asymmetry is defined as
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NðΔjηj > 0Þ þ NðΔjηj < 0Þ
; ð2Þ

where NðΔjηj > 0Þ and NðΔjηj < 0Þ represent the number
of events with positive and negative Δjηj, respectively. The
SM prediction at NLO in QCD, including electroweak
corrections, is All

C ¼ 0.0064! 0.0003 [23], where the
uncertainty includes variations in scale and choice of
PDF. The leptonic asymmetry, that is slightly diluted with
respect to the underlying top-quark asymmetry, has the

advantage that no reconstruction of the top-antitop quark
system is required. Furthermore, it is also sensitive to top-
quark polarization effects, which occur in some models
predicting enhanced charge asymmetries.
For the tt̄ charge asymmetry, the tt̄ system has to be

reconstructed and the absolute values of the top and antitop
quark rapidities (jytj and jyt̄j, respectively) need to be
computed. Using

Δjyj ¼ jytj − jyt̄j; ð3Þ

the tt̄ charge asymmetry is defined as

Att̄
C ¼ NðΔjyj > 0Þ − NðΔjyj < 0Þ

NðΔjyj > 0Þ þ NðΔjyj < 0Þ
; ð4Þ

where NðΔjyj > 0Þ and NðΔjyj < 0Þ represent the
number of events with positive and negative Δjyj, respec-
tively. The top (antitop) quarks are identified as those
giving rise to positive (negative) leptons. The SM predic-
tion at NLO QCD, including electroweak corrections, is
Att̄
C ¼ 0.0111! 0.0004 [23].
The measurements of All

C and Att̄
C are performed inclu-

sively and differentially as a function of mtt̄, pT;tt̄, and βz;tt̄.
The fractions of quark-antiquark annihilation and gluon
fusion processes change as a function of mtt̄, and thus an
increasing asymmetry for increasing mtt̄ is expected. Since
pT;tt̄ depends on the initial-state radiation, the asymmetry
value is expected to change as a function of pT;tt̄. In
particular, the contribution to the asymmetry from inter-
ference of diagrams with initial- and final-state radiation is
negative, resulting in decreasing asymmetries with increas-
ing pT;tt̄. While the initial antiquark is always a sea quark,
the initial quark can be a valence quark. On average,
valence quarks have higher momenta than sea quarks,
which can result in a boost of the tt̄ system in the direction
of the incoming quark. This results in an increased charge
asymmetry for increasing βz;tt̄. The asymmetry is also
expected to be different inclusively and differentially in
different BSM models.

VI. ASYMMETRY MEASUREMENTS

The following measurements are performed:
(i) inclusive measurements of the tt̄ and leptonic asym-

metries, corrected for reconstruction and acceptance
effects to parton level in the full phase space;

(ii) inclusive measurements of the tt̄ and leptonic
asymmetries, corrected for reconstruction effects
to particle level in the fiducial region;

(iii) differential measurements of the tt̄ and leptonic
asymmetries as a function of mtt̄, pT;tt̄, and βz;tt̄
in the fiducial region and the full phase space.

Particle-level results consider stable particles with a
mean lifetime larger than 0.3 × 10−10 s. For the parton-
level measurements, MC generator-level objects are used.
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AFB	measurements	at	Tevatron
•Measurements	at	Tevatron	and	LHC	are	complementary	

• SM	predictions	at	NLO	(QCD+EWK)		AFB	~	10%		
• differential	theory	calculation	at	NNLO+NNLL	available	

•Latest	result	CDF	dilepton	events	
• overall	agreement	with	SM

42
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AC	measurements	at	LHC
•Most	recent:	8	TeV	dilepton	channel	

• template	fit,	as	function	of	mtt,̄	ytt	̄	and	pT,tt	̄
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The	Wtb	vertex

•W	boson	helicity	
• ℓ+jets	channel	
• interpret	as	limits	on	gR	vs	gL
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Figure 1. Representative Feynman diagrams for t-channel single top-quark production and decay.
Here q represents a u or d̄ quark, and q′ represents a d or ū quark, respectively. The initial b-quark
arises from (a) a sea b-quark in the 2 → 2 process, or (b) a gluon splitting into a bb̄ pair in the
2 → 3 process.

proton-proton (pp) collisions at
√
s = 7 TeV using a next-to-leading-order (NLO) QCD pre-

diction with resummed next-to-next-to-leading logarithmic (NNLL) accuracy, referred to as

approximate next-to-next-to-leading order (NNLO). With a top-quark mass of 172.5 GeV

and MSTW2008NNLO [5] parton distribution function (PDF) sets, the cross-section for

the t-channel process is calculated to be 64.6+2.6
−1.7 pb [6]. The uncertainties correspond

to the sum in quadrature of the error obtained from the MSTW PDF set at the 90%

confidence level (C.L.) and the factorisation and renormalisation scale uncertainties.

New physics resulting in corrections to the Wtb vertex would affect t-channel single

top-quark production and decay, and can be probed through processes which affect vari-

ables sensitive to the angular distributions of the final-state particles from the top-quark

decay. Within the effective field theory framework, the Lagrangian can be expressed in full

generality as [7, 8]:

LWtb = − g√
2
bγµ (VLPL + VRPR) tW

−
µ − g√

2
b
iσµνqν
mW

(gLPL + gRPR) tW
−
µ + h.c., (1.1)

where g is the weak coupling constant, andmW and qν are the mass and the four-momentum

of the W boson, respectively. PL,R ≡ (1∓ γ5)/2 are the left- and right-handed projection

operators and σµν = i[γµ, γν ]/2. VL,R and gL,R are the complex left- and right-handed

vector and tensor couplings, respectively. The couplings could also be expressed using the

Wilson coefficients [9] of the relevant dimension-six operators,1 described in refs. [7, 10].

In the SM at tree level, VL = Vtb , which is an element in the Cabibbo-Kobayashi-Maskawa

(CKM) matrix, while the anomalous couplings VR = gL,R = 0. Deviations from these

values would provide hints of physics beyond the SM, and complex values could imply that

top-quark decay has a CP-violating component [11].

1In general the couplings can depend on the momentum transfer q2. Since this analysis is mainly sensitive

to top-quark decays to an on-shell W boson, where q2 = m2
W , no q2 dependence is considered.
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Top-quark	polarisation
•t-channel	polarisation	

• top-quark	spin	asymmetry	sensitive	
to	polarisation	

• 	p-value	of	4.6%	SM	(2.0σ)
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Figure 3. Distributions of the BDTW/tt discriminant in the (left) “2jets 1tag” and (right) “3jets
2tags” categories. The predictions are normalised to the results of the fit described in section 7.
The bottom panels in both plots show the ratio between observed and predicted event counts,
with a shaded area to indicate the systematic uncertainties affecting the background prediction and
vertical bars indicating statistical uncertainties.
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Figure 4. Distributions of the |ηj′ | (left) and mbµν (right) variables in the “2jets 1tag” category.
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5 The cos θ∗
µ distribution of top quark decay products

The angle between a top quark decay product X (W, ℓ, ν, or b) and an arbitrary polar-

isation axis s⃗ in the top quark rest frame, θ∗X , is distributed according to the following

differential cross section:

1

σ

dσ

d cos θ∗X
=

1

2
(1 + P (s⃗)

t αX cos θ∗X) =

(
1

2
+AX cos θ∗X

)
. (5.1)

The variable P (s⃗)
t denotes the single top quark polarisation along the chosen axis, and

αX the spin-analysing power as defined in section 1. In the SM, the top quark spin tends to

be aligned with the direction of the spectator quark momentum, resulting in a high degree

of polarisation. Hence, an excess of events where the spectator quark momentum is an-

tialigned with the top quark spin would clearly indicate an anomalous coupling structure.
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•tt	̄top	polarisation	
• performed	also	at	Tevatron	
• compared	with	BSM	models

7

FIG. 1: (color online) The combined e+jets and µ+jets cos θ distributions for data, expected backgrounds, and signal templates
for P = −1, SM, and +1. Panels (a), (c), and (e) show ℓ+3 jet events; (b), (d), and (f) show ℓ+ ≥ 4 jet events; (a) and (b)
show distributions relative to the beam axis; (c) and (d) show distributions relative to the helicity axis; and (e) and (f) show
distributions relative to the transverse axis. The hashed areas represent systematic uncertainties. The direction of the cos θ
axis is reversed for the ℓ− events for beam and transverse spin quantization axes plots.

 (helicity)P
-0.2 0 0.2 0.4

 (b
ea

m
)

P

-0.2

0

0.2

0.4 Measurement

Standard Model
Z’

Axigluon models

m200R
m200L

m2000A
m2000R

68 % CL region

95 % CL region
99.7 % CL region

-1DØ, 9.7 fb

FIG. 2: (color online) Two dimensional visualization of the
longitudinal top quark polarizations in the ℓ+jets channel
measured along the beam and helicity axes compared with
the SM and the BSM models described in the text. In this
case, the m200A model is not shown as it is indistinguishable
from m2000A model. The correlation of the two measurement
uncertainties is 27%.
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Much	more	in	the	pipeline	…
•More	preliminary	results	released	in	2016	by	ATLAS	and	CMS	

• 5	TeV	
‣ tt	̄inclusive	(16-015)	

• 8	TeV	
‣ tt	̄dilepton	double	differential	(14-013)	
‣ tt+̄jets	(15-006)	
‣ search	for	tZ	and	FCNC	in	tZ	(12-039)	
‣ mass	dilepton	(15-008),	tt+1jet	(13-006),	leptonic	observables	(16-002),	single	top	(15-001),	

all	hadronic	(16-064)	
‣ search	for	CP	violation	(16-001)	

• 13	TeV	
‣ inclusive	tt	̄eμ	(16-005),	ℓ+jets	(16-006),	all	hadronic	(16-013)		
‣ tt	̄differential	dilepton	(16-007,	16-011),	ℓ+jets	(16-008)	
‣ ttb̄bS/ttj̄j	(16-010)	and	search	for	ttt̄t	̄production	(16-016,	16-020)	
‣ tt	̄W,	ttZ̄	(16-017)	
‣ t-channel	inclusive	(16-003),	differential	(16-004)	
‣ tZ	(16-009)

46

…	and	TOP2016	starts	this	Monday		
with	many	new	results	anticipated
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Conclusion
•Top	physics	is	currently	a	very	active	field	

• more	than	150	LHC	papers	so	far,	65	results	released	in	the	last	year	
•tt	̄precision	measurements	include	

• 3.5%	tt	̄total	cross-section	
• 0.28%	top	quark	mass	
• modelling	in	differential	measurements	

•New	production	mechanisms	established,	for	instance	
• ttγ̄,	ttb̄b0,	ttW̄,	ttZ̄,	single	top	Wt	and	s-channel	

•Searches	for	new	processes	involving	top	quarks		
• ttH̄,	FCNC	top	quark	decays,	tt	̄resonances,	stop	production,	…	

•Expect	even	better	sensitivity		
• with	full	13	TeV	dataset	and	ultimately	with	3000/fb	(HL-LHC)
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Preliminary	I:	inclusive	σtt	̄
•5.02	TeV																																														13	TeV		eμ	channel	
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first	measurement	at	this	energy	
expect	73%	gg–initiated	
data	collected	in	Nov.2015	
eμ	channel	+	jets	
σ(tt)̄	=	82	±	23	pb	

CMS	PAS	TOP-16-005	

updated	to	2.2fb–1		

σ(tt)̄	=	793	±	8stat	±	38syst	±	21lumi	pb	

Systematics	dominated	by	ℓ	efficiencies,		
jet	energy	scale	and	tt	̄NLO	generator	choice	
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Preliminary	II:	inclusive	σtt	̄

•13	TeV	ℓ+jets	channel	

•	13	TeV	all	hadronic
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very	inclusive	1ℓ	+	≥	1jet	selection	
fit	to	mℓb	
σ(tt)̄	=	835	±	32	pb	

Also	extract	top	pole	mass		
172.3	±	2.5	GeV

CMS	PAS	TOP-16-013	

total	σ(tt)̄	=	834	±	116	pb	
also	differential,	resolved	and	boosted	
results	also	at	parton	level	

pT(top)	significantly	softer	than	predictions	
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Preliminary	III:	differential	σtt ̄

•13	TeV						dilepton																																															13	TeV	ℓ+jets	channel
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Broadly	in	agreement		
with	predictions	

ATLAS-CONF-2016-040	
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Preliminary	IV:	differential	σtt ̄

•8	TeV	double	differential	
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dilepton	eμ	channel	
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impact	on	constraining	gluon	PDF	is	illustrated	

Overall	reasonable	agreement
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Preliminary	V:	tt+̄jets
•8	TeV,	tt+̄jets																																															13	TeV,	tt+̄bb�	
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Preliminary	VI:	tt+̄jets

 SMσ / 
obs

σ = µ95 % CL limit on 
0 10 20 30 40 50 60 70 80 90

ttttσlimits on 
observed

σ 1 ±expected 
σ 2 ±expected 

Combined

Single Lepton

Dilepton

SM

 (13 TeV)-12.6 fb

CMS
Preliminary

[GeV]had
TH

400 600 800 1000 1200 1400 1600Da
ta

 / 
Pr

ed
. 

0.5
0.75

1
1.25

1.5

Ev
en

ts
 / 

15
0 

G
eV

0

5

10

15

20

25

30

35

40 ATLAS Preliminary
-1= 13 TeV, 3.2 fbs

Signal Region
10 j, 3 b�

Post-fit

Data 2015
(SM)*tttt

+ lighttt
c+ ctt
b+ btt

+ V / Htt
tNon-t

Uncertainty

*: signal normalised to total background
•Search	for	tt+̄tt	̄	

CMS	PAS	TOP-16-016	

SM	expect	1.3	fb	@	13	TeV	
Uses	BDTs	to	suppress	backgrounds	

Upper	limit	10.2	x	σSM(ttt̄t)̄	at	95%C.L.	

ATLAS-CONF-2016-020	

Single	lepton	channel	
Split	in	several	categories	

Upper	limit	21	x	σSM(ttt̄t)̄	at	95%C.L.	



[	M.	Cristinziani	|	Top	quark	physics	|	Physics	in	Collision	2016	|	17–Sep–2016	] Backup	slides

Preliminary	VII:	single	top
•t-channel	@	13	TeV	

MVA output
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
2

100

200

300

400

500

600

700

800

900 Data
-channelt
, tWtt

W/Z+jets
Post-fit unc.

Preliminary CMS
 (13 TeV)-12.3 fb

+µ3j2t region 

MVA output

M
C

D
at

a

0.8
1

1.2

) (GeV)-(t+t Tp
0 100 200 300

G
eV-3

10
) /

 
-

(t+
t

 Tp d⁄ 
σ

 d× 
σ⁄1 

0
1
2
3
4
5
6
7
8
9

10
11
12
CMSPreliminary TeV)  (13-1fb 2.3

Data
FS) aMC@NLO (4

8  + Pythia
FS) Powheg (4

8  + Pythia
FS) aMC@NLO (5

8  + Pythia
FS) aMC@NLO (4

  + Herwig

CMS	PAS	TOP-16-003	

μ+jets	signature	

σ(t)	=	142	±	23	pb,	σ(t)̄	=	81	±	15	pb	
σ(t+t)̄	=	228	±	33	pb,	|Vtb|	=	1.02	±	0.07

CMS	PAS	TOP-16-004	

μ+jets	signature	

Parton	level,		
compared	to	Monte	Carlo	(NLO+PS)	

General	agreement	within	uncertainties



[	M.	Cristinziani	|	Top	quark	physics	|	Physics	in	Collision	2016	|	17–Sep–2016	] Backup	slides

Preliminary	VIII:	single	top
•Wt	channel	@	13	TeV						

•		Search	for	tZ																																
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5th August 2016

Measurement of the cross-section of the production of a
W boson in association with a single top quark

with ATLAS at
p
s = 13 TeV

The ATLAS Collaboration

Abstract

The inclusive production cross-section for the associated production of a W boson and top
quark is measured using data from proton–proton collisions at

p
s = 13 TeV. The dataset

corresponds to an integrated luminosity of 3.2 fb�1, and was collected in 2015 by the ATLAS
detector at the Large Hadron Collider at CERN. Events are separated into signal and control
regions based on their jet multiplicity and the number of jets that are identified as containing b
hadrons. The Wt signal is then separated from the tt̄ background using boosted decision tree
discriminants in two regions. The cross-section is extracted by fitting templates to the data
distributions, and is measured to be �Wt = 94 ± 10 (stat.)+28

�23 (syst.) pb. The measurement
is in agreement with the Standard Model prediction.

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Preliminary	IX:	mtop
•Dilepton																																					tt	̄+		jet																					leptonic	observables	
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Shape	sensitive	to	mtop	

Available on the CERN CDS information server CMS PAS TOP-15-008

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2016/08/04

Measurement of the top-quark mass in the dileptonic tt
decay channel using the Mb`, MT2, and Mb`n observables

The CMS Collaboration

Abstract

We report on a measurement of the top-quark mass (Mt) in the dileptonic tt decay
channel using events selected from a data sample corresponding to an integrated lu-
minosity of 19.7± 0.5 fb�1. The events were recorded by the CMS detector at the LHC
in proton-proton collisions at

p
s = 8 TeV. The analysis is based on three observables

whose distribution shapes are sensitive to the value of Mt. The Mb` invariant mass
and Mbb

T2 ‘stransverse mass’ observables are employed in a simultaneous fit to deter-
mine the value of Mt and an overall jet energy scale factor (JSF). In a complementary
approach, the MT2-Assisted On-Shell reconstruction technique is used to construct an
Mb`n invariant mass observable that is combined with Mbb

T2 to measure Mt. The shapes
of the observables, along with their evolutions in Mt and JSF, are modeled by a non-
parametric Gaussian Process regression technique. The top-quark mass is measured
to be 172.22 ± 0.18 (stat) +0.89

�0.93 (syst) GeV.

CMS	PAS	TOP-13-006	

Using	normalised	invariant	mass		
distribution	of	the	tt+̄jet	system	

Also	extract	from	differential	σ	
Dilepton	channel	
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Figure 7: Top quark mass obtained by using each of the MADGRAPH samples with varied mass
values as pseudo data, for the dilepton combined channel.

simulation (“POWHEG tt+jet modelling”) with respect to their common nominal value, which is
set to mt. For each top quark mass value considered in the mass measurement, two dedicated
samples have been produced with µR = µF varied coherently by factors of 2 and 0.5. The sys-
tematic uncertainty is then evaluated by repeating the mass measurement using the dedicated
samples as theoretical prediction.

The breakdown of systematic uncertainties for the top quark mass is shown in Table 2. The
first row represents the POWHEG tt+jet modelling uncertainty while the other uncertainties are
related to the measurement of the cross section. The total systematic uncertainty is dominated
by model uncertainty sources, in particular, jet-parton matching and Q2 and theoretical uncer-
tainties in the POWHEG tt+jet simulation. The most relevant experimental uncertainties arise
from the background and JES sources.

The top quark mass obtained is 169.9 ± 1.1 (stat) +2.5
�3.1 (syst) +3.6

�1.6 (theo) GeV, where the system-
atic uncertainty is calculated as the quadratic sum of all sources. The systematic uncertainty
corresponds to +1.5

�1.8 %, while the theoretical uncertainty on the modelling assumptions arising
from the POWHEG tt+jet simulations yields an additional +2.1

�0.9 %.

8 Summary

The top quark mass is measured from the inverse of the invariant mass of the tt+jet system, an
observable proposed in [3]. The mass extraction has been performed with a global template
fit using the shape of the distribution at reconstruction level as well as using the normalised
differential cross section in the visible phase space. The first approach avoids statistical correla-
tions and uncertainties arising from the unfolding procedure, however it cannot be compared
to predictions given at generator level, while the second eases the comparisons with theory
models.

The top quark mass obtained from the normalized differential tt+jet cross section using an NLO
calculation interfaced with parton shower yields 169.9± 1.1 (stat) +2.5

�3.1 (syst) +3.6
�1.6 (theo) GeV. The
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Preliminary	X:	mtop
•single	top																																												

•all	hadronic																							

jj/mjjj = m3/2R
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Abstract

We measure the mass of the top quark from events where a single top quark is pro-
duced. The analysis is performed on data from pp collisions collected by the CMS
detector at a center of mass energy of 8 TeV. The top quark is reconstructed from its
decay t ! W+b, with the W boson decaying leptonically in the muon channel. Spe-
cific event topology and kinematic properties are used in order to enrich the sample in
single-top-quark events in the t-channel, at the expense of top-quark pair production
events. For the single-top quark component, a fit to the reconstructed top invariant
mass distribution yields mt = 172.60 ± 0.77 (stat) +0.97

�0.93 (syst) GeV.
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Top-quark mass measurement in the all-hadronic t t̄ decay channel
at
p

s = 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

The top-quark mass is measured in the all-hadronic top-antitop quark decay channel using
proton–proton collisions at a centre-of-mass energy of

p
s = 8 TeV with the ATLAS detector

at the CERN Large Hadron Collider. The data set used in the analysis corresponds to an
integrated luminosity of 20.2 fb�1. The analysis is performed on events containing at least
six jets, at least two of which must be originating from b-quarks. The reconstruction of the
top quark pair and the W bosons in each event is performed using a �2 method. The large
QCD multi-jet background is modelled using a data-driven method. The top-quark mass is
obtained from template fits to the ratio of the three-jet to the dijet mass. The three-jet mass
is obtained from the three jets assigned to the top quark decay. From these three jets the dijet
mass is obtained using the two jets assigned to the W boson decay. The top-quark mass is
measured to be 173.80 ± 0.55 (stat.) ± 1.01 (syst.) GeV.

c� 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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LHCb	joins	the	top	family
•Forward	region	interesting	

• enhanced	sensitivity	to	BSM	(qq̄	and	qg	production)	
• constrain	PDF	at	large	x	→	improves	background	to	high-mass	particles	

•LHCb	observation	
• can	identify	W	bosons	and	tag	b-	and	c-jets	→	combine	to	top	quark	search	
• likelihood	fit	of	N(μb)	and	A(μb)	in	fiducial	region	
• Wb-only	hypothesis	is	excluded	at	5.4	σ

compatible	with	
MCFM	NLO

PRD 115 (2015) 112001
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ttγ̄
•Observation	in	7	TeV	data	

• sensitive	to	tγ	coupling	and	to	anomalous	t*→	tγ	
•Fiducial	cross	section	measurement	at	particle	level	

• with	generator	cuts	pT(γ)	>	20	GeV	and	ΔR(γ,	ℓ)	>	0.7	
• template	fit	to	photon	isolation	variable	in	ℓ+jets+γ	channel	
• suppress	misidentified	γ	from	Z→	ee:	|	meγ	–	mZ	|	>	5	GeV	

• jet	energy	scale	and	b-tagging	efficiency	are	main	systematics	
•Null	hypothesis	excluded	at	5.3	σ

 [GeV]iso
T
p

0 2 4 6 8 10 12 14 16 18 20

Ev
en

ts
/ G

eV
 

-110

1

10

210 Muon channel
Data
Signal
 backgroundγ

Hadron fakes
Total uncertainty from fit

ATLAS
-1L dt = 4.59 fb∫=7 TeV, s

 BR [fb]× 
γttσ

-100 -50 0 50 100 150 200 250 300

 Electron channel

 Muon channel

 Combined

Theoretical prediction

 1 (lumi.) fb± (syst.) 
17−

22+ (stat.) 15−
16+  76 

 1 (lumi.) fb± (syst.) 
11−

14+ (stat.) 9 −
10+  55 

 1 (lumi.) fb± (syst.)  
13−

17+ 8 (stat.) ±  63 

±  48 10 fb

ATLAS
-1L dt = 4.59 fb∫=7 TeV, s

Data

Theoretical uncertainty

PRD 91 (2015) 07207



[	M.	Cristinziani	|	Top	quark	physics	|	Physics	in	Collision	2016	|	17–Sep–2016	] Backup	slides

ttt̄t	̄
•σttt̄t	̄~	1	fb	(8	TeV)	1.3fb	(13	TeV)	

• main	background	is	tt+̄jets	
•Searches	

• Dedicated	searches	with	ℓ	+	≥	6	jets,	≥	2	b-tags,	large	HT	

• Generic	searches	targeting	several	exotic	final	states:	ℓ+jets	and	same-sign	2ℓ		
•Strategies	

• use	BDT	classifier	with	top	content,	event	activity	and	b-jet	content	
•Limits	in	terms	of	μ	=	σobs/σSM	

• 95%	C.L.	exclusion	limits
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CP	violation	in	tt	̄events
•Tiny	in	the	SM,	but	new	physics	can	enhance	CP	violation	

• anomalous	couplings	in	tt	̄production	and	W	decays	
• measure	with	4	T-odd	triple-product	observables	(Oi)	
‣ assume	CPT	conservation	
‣ observables	calculated	by	the	composition	of		decays’	momenta	of	tt	̄ℓ+jets	channel	
‣ present	with	asymmetry	parameter	ACP	

•Results	consistent	with	SM	
• final	ACP	after	background	subtraction	are	zero	as	in	SM	
• 	systematic	uncertainties	mostly	canceled
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1 Introduction
The combined charge conjugate and parity (CP) symmetry violation is implemented in the
standard model (SM) using an irreducible phase in the Cabibbo-Kobayashi-Maskawa quark-
mixing matrix. Experimental investigation of CP violation in the strange and bottom quark
sectors have been carried out in the past few decades. The observed asymmetries are well
described by the SM, but are too small to explain the observed matter-antimatter asymmetry
in the universe [1]. Thus, searches for CP-violation phenomena have the potential to provide a
signal for beyond the SM physics. In the SM, the CP-violation effects in the pair production of
top quarks (tt) at the LHC are predicted to be vey small. However, if a source of new physics
such as a chromo-electric dipole moment (CEDM) is present, sizable CP-violation effects can
be observed. Given the large top quark production cross section at the LHC, a measurement of
CP asymmetries in the top quark sector may shed light on the origin of the baryon asymmetry
in the universe.

In this manuscript, we present the first measurement of CP violation asymmetries in top quark
pair production and decay. We exploit the T-odd triple-product correlations, where T is the
time-reversal operator. Several new observables, as proposed in Refs. [2–4], take the form of
p1 · (p2 ⇥ p3), where piis a spin or momentum direction. These triple-product observables are
odd under T transformation, and are also odd under CP transformation if CPT conservation is
assumed, i.e. CP (Oi) = �Oi. Presence of CP violation would be manifested by measuring a
non-zero value of the asymmetry

ACP (Oi) =
Nevents (Oi > 0)� Nevents (Oi < 0)
Nevents (Oi > 0) + Nevents (Oi < 0)

, (1)

where Oi are the proposed observables. Four observables that can be measured in the lep-
ton+jets final state of tt production in ppcollisions are defined as:

O2 = e
�

P, pb + pb̄, p`, pj1
� lab�! µ (~pb + ~pb̄) ·

�
~p` ⇥ ~pj1

�
(2a)

O3 = Q`e
�

pb, pb̄, p`, pj1
� bb̄ CM���! µ Q`~pb ·

�
~p` ⇥ ~pj1

�
(2b)

O4 = Q`e
�

P, pb � pb̄, p`, pj1
� lab�! µ Q` (~pb � ~pb̄) ·

�
~p` ⇥ ~pj1

�
(2c)

O7 = q · (pb � pb̄) e (P, q, pb, pb̄)
lab�! µ (~pb � ~pb̄)z (~pb ⇥ ~pb̄)z . (2d)

The symbol ! indicates the spatial frame chosen to simplify the triple product; symbol µ indi-
cates a simplification of the triple product obtained by only considering the sign of observable,
which is the only information needed to measure ACP; e indicates the Levi-Civita tensor which
is contracted with four vector e (a, b, c, d) ⌘ eµnabaµbncadb and e0123 = 1. In these expressions
P is the sum of the four-momenta of the two incoming protons; q is the difference of the four-
momenta of the two incoming protons; p and ~p are the four- and three-momentum of the final
state objects; b or b refer to the b jet; ` refers to the isolated lepton that stems from the elec-
troweak decay of a W boson; j1 and j2 refer to non-b jets, ordered by transverse momentum i.e.
pT,j1 > pT,j2, that reconstruct a hadronically decaying W boson. The Q` is the electric charge
of the isolated lepton. The z subscript indicates a projection along the z direction of the CMS
coordinate system. The observables O2, O4 and O7 are calculated in the laboratory (lab) frame,
and O3 in the bb centre-of-mass frame (bb CM).

7.2 Estimate dilution factors from simulation 9

7.2 Estimate dilution factors from simulation

The final results are presented as measurements of A0
CP. These measurements can be con-

verted to pure ACP measurements by means of a dilution factor D, as a multiplicative correc-
tion A0

CP = DACP. For high reconstruction efficiency of the objects corresponding to a top and
anti-top decay, the dilution factor is expected to be close to 1. The value of the dilution factor
can be obtained from MC study, based on the tt simulation. However, if new physics would
be present it would be expected to affect the value of D as well as the value of A0

CP leading to
a distortion in the extrapolated ACP. Nevertheless it is instructive to derive the value of D for
each observable, and we report it in Table 4. Since different variables are used to define the
observables (see Sec. 1), different sensitivities are expected, as the level of misassignment of
reconstructed objects differs. As an example, O3 and O4 are computed using the same objects
and have to consider the charge of the b-jets, as such they have similar sensitivity. O2 and O7
have higher sensitivities as less objects are used in their computation.

Table 4: Fraction of same sign and opposite signed events for each observable. If the observ-
ables are reconstructed with the same (opposite) sign the event is classified as a same (opposite)
signed event. The last column reports the dilution factors computed from the two fractions.

Observable Same sign (%) Opposite sign (%) Dilution factor (D)
O2 77.1 22.9 0.54
O3 67.8 32.2 0.36
O4 66.8 33.2 0.34
O7 86.5 13.5 0.73

In order to test the dilution effect of the asymmetries, we reweight the events at generator level
using MC truth to obtain hypothetical ACP asymmetries in the observables. The results are
reported in Fig. 4 where good closure is obtained after correcting A0

CP with the dilution factors
obtained in Table 4.

7.3 A0
CP measurements in data

After the background subtraction from Fig. 5, we measure the A0
CP of different variables. Within

uncertainties no significant asymmetry is observed in any of the channels analyzed, and after
combination.The only tension observed is for the combined A0

CP (O3), at 2s-level. Table 5 sum-
marizes the results obtained.

Table 5: Measured A0
CP in the signal region in data for different observables. The measurements

are reported separately for the electron and muon channel, and after combination of the two.
The first (second) uncertainty is of statistical (systematic) nature. The values quoted are in %.

A0
CP (Oi) e+jets µ+jets `+jets

O2 �0.01 ± 0.61 ± 0.01 +0.50 ± 0.56 ± 0.02 +0.27 ± 0.41 ± 0.01
O3 �0.34 ± 0.61 ± 0.02 �1.03 ± 0.56 ± 0.04 �0.71 ± 0.41 ± 0.03
O4 �0.24 ± 0.61 ± 0.02 �0.49 ± 0.56 ± 0.04 �0.38 ± 0.41 ± 0.03
O7 �0.42 ± 0.61 ± 0.00 +0.46 ± 0.56 ± 0.01 �0.06 ± 0.41 ± 0.01

Figure 6 represents graphically the asymmetries observed as well in data before and after back-
ground subtraction. The data-derived background asymmetries are also represented for com-
parison. The total uncertainty is dominated by the statistical component, being the systematic
uncertainty lower than 1% of the total uncertainty.

CMS	PAS	TOP-16-001
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Definitions	of	kinematic	quantities
•yboosttt	̄=	(yt,1+yt,2)/2	

• longitudinal	motion	of	the	tt	̄system	in	lab	frame		

•	χtt	̄=	exp(2|y*|)	
• production	angle,	with	y*	(and	–y*)	the	top	rapidity	in	the	CM	frame	
• many	BSM	signals	expected	to	peak	at	low	χtt	̄values	

•Out-of-plane	momentum	
• projection	of	the	top-quark	momentum	onto	the	direction	perpendicular	to	a	

plane	defined	by	the	other	top	quark	and	the	beam	axis	(z)	in	lab	frame	

•Ratio	of	pT	of	the	W	boson	and	corresponding	top	quark	

Furthermore, angular variables sensitive to a pT imbalance in the transverse plane, i.e. to the emission of
radiation associated with the production of the top-quark pair, are employed to emphasize the central
production region [8]. The angle between the two top quarks has been found to be sensitive to non-
resonant contributions due to hypothetical new particles exchanged in the t-channel [7]. The rapidities
of the two top quarks in the laboratory frame are denoted by yt,1 and yt,2, while their rapidities in the
tt̄ centre-of-mass frame are y? = 1

2

⇣
yt,1 � yt,2

⌘
and �y?. The longitudinal motion of the tt̄ system

in the laboratory frame is described by the rapidity boost ytt̄boost =
1
2

h
yt,1 + yt,2

i
and the production

angle �tt̄ = e2|y? |. In particular, many signals due to processes not included in the Standard Model are
predicted to peak at low values of �tt̄ [7]. Finally, observables depending on the transverse momentum
of the decay products of the top quark have been found to be sensitive to higher-order corrections [10,
11].

The following additional observables are measured:

• The absolute value of the azimuthal angle between the two top quarks (��tt̄);

• the absolute value of the out-of-plane momentum (
���ptt̄

out

���), i.e. the projection of top-quark three-
momentum onto the direction perpendicular to a plane defined by the other top quark and the
beam axis (z) in the laboratory frame [8]:

���ptt̄
out
��� =
������~p

t,had · ~p
t,lep ⇥ ẑ

|~p t,lep ⇥ ẑ|

������ ; (2)

• the longitudinal boost of the tt̄ system in the laboratory frame (ytt̄boost) [7];

• the production angle between the two top quarks (�tt̄) [7];

• the scalar sum of the transverse momenta of the two top quarks (Htt̄
T) [10, 11]

• and the ratio of the transverse momenta of the hadronic W boson and the top quark from which
it originates (RWt) [10, 11]

RWt = pW,had
T /pt,had

T . (3)

These observables are shown in Figure 3 at detector level. All these variables show only modest agree-
ment with data. In particular, at high values of Htt̄

T, fewer events are observed with respect to the
prediction. The longitudinal boost ytt̄boost is predicted to be less central than the data. Finally, RWt is
predicted to be lower than observed in the range 1.5–3.0.
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What	top	mass	do	we	measure?Definition of mtop from top decays

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

pn

b

Wt

B
p1

q

q
_

_

t
_

g

M2
exp

=

0

@
X

i=1,...,n

p
i

1

A
2

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)

from	M.	Mangano,	TOP2013
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Top	FCNC	decays
•In	Standard	Model		

• ~100%	t→Wb,	with	CKM	suppressed	t→Ws,	Wd	
• t→Xq		with	X	=	neutral	boson	and	q	=	u,c		is	very	suppressed	

•Beyond	Standard	Model

H

Br(t → qZ) ≃ 2 × 10−6

Br(t → qγ) ≃ 2 × 10−6 Br(t → qg) ≃ 10−4

t → qH Br(t → qH) ∼ 10−5

R

Br(t → qZ) ≃ 3×10−5 Br(t → qγ) ≃ 1×10−6

Br(t → qg) ≃ 2 × 10−4 Br(t → qH) ∼ 10−6

Λ = 1

Z H

t → qγ t → qg

R̸

t → uZ 8 × 10−17 1.1 × 10−4 − − 2 × 10−6 3 × 10−5

t → uγ 3.7 × 10−16 7.5 × 10−9 − − 2 × 10−6 1 × 10−6

t → ug 3.7 × 10−14 1.5 × 10−7 − − 8 × 10−5 2 × 10−4

t → uH 2 × 10−17 4.1 × 10−5 5.5 × 10−6 − 10−5 ∼ 10−6

t → cZ 1 × 10−14 1.1 × 10−4 ∼ 10−7 ∼ 10−10 2 × 10−6 3 × 10−5

t → cγ 4.6 × 10−14 7.5 × 10−9 ∼ 10−6 ∼ 10−9 2 × 10−6 1 × 10−6

t → cg 4.6 × 10−12 1.5 × 10−7 ∼ 10−4 ∼ 10−8 8 × 10−5 2 × 10−4

t → cH 3 × 10−15 4.1 × 10−5 1.5 × 10−3 ∼ 10−5 10−5 ∼ 10−6

Q = 2/3

R

t → qZ t → qγ

t c

di

W

γ

t c

W

di

γ

tcγ

Vγ ≡ eλqtλv
qt/mt Aγ ≡ eλqtλa

qt/mt

Vγ =
3

∑

i=1

fγV (m2
i /M

2
W )VciV

∗

ti ,

Aγ =
3

∑

i=1

fγA(m2
i /M

2
W )VciV

∗

ti ,

fγV (x) ≃ fγA(x) mc = 0 V

fγV

md,s ≃ 0 3 × 3 VcdV ∗

td +

VcsV ∗

ts + VcbV ∗

tb = 0

Vγ =
[

fγV (m2
b/M

2
W ) − fγV (0)

]

VcbV
∗

tb ≡ f ′

γV (m2
b/M

2
W )VcbV

∗

tb .

f ′

γV

3 × 3

fγV (0) ≃ −5.1 × 10−6 − 6.0 × 10−6i d, s, b

Vγ f ′

γV (m2
b/M

2
W ) ≃ f ′

γV (0.0012) ≃
−9.1 × 10−9 − 4.7 × 10−9i

b

MS

O(mt) mb(mt) = 2.74 ± 0.17

t → cγ

Br(t → cγ) = (4.6 +1.2
−1.0 ± 0.2 ± 0.4 +1.6

−0.5) × 10−14 .

MZ 1.5 mt

t → cg

Br(t → cg) = (4.6 +1.1
−0.9 ± 0.2 ± 0.4 +2.1

−0.7) × 10−12 .

J.Aguilar-Saavedra,	Acta	Phys.Polon.	B35	(2004)	2695-2710
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FCNC	current	limits

Top decay Br (%)
4−10 3−10 2−10 1−10 1

CMS Preliminary, 8 TeV              August 2016

Phys.Rev.Lett 112 (2014) 171802
 Z q)→, Br(ttt

TOP-12-039
 Z u)→, Br(ttsingle top+t
 Z c)→, Br(ttsingle top+t

JHEP04(2016)035
 u)γ →single top, Br(t
 c)γ →single top, Br(t

CMS PAS TOP-13-017
ττ WW,ZZ,→ H c), H→, Br(ttt

CMS PAS TOP-14-020

b b→ H u), H →, Br(ttt
b b→ H c), H →, Br(ttt

CMS PAS TOP-14-019
γγ → H u), H →, Br(ttt
γγ → H c), H →, Br(ttt

95% CL Observed Limit
95% CL Expected Limit

 Exp.Limitσ1±
 Exp.Limitσ2±

LEP
HERA

TEVATRON

CMS

Pr
el

im
in

ar
y

Preliminary
Pr

el
im

in
ar

y

ATLAS

 PreliminaryATLAS

5−10

4−10

3−10

2−10

1−10

5−10 4−10 3−10 2−10 1−10

5−10

4−10

3−10

2−10

1−10

5−104−103−102−101−10

 q
Z)

→
BR

(t

 q
Z)

→
BR

(t

)γ c→BR(t

)γ c→BR(t

 c
g)

→
BR

(t

 c
g)

→
BR

(t

 cH)→BR(t

 cH)→BR(t


