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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	
• large	Yukawa	coupling	yt	~	1	
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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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t-channel	
210	pb	@	13	TeV

s-channel	
11	pb	@	13	TeV

Wt	channel	
72	pb	@	13	TeV

•Single-top	quarks	via	weak	interaction

830	pb	@	13	TeV

Top-quark	production
•Top-quark	pairs	via	strong	interaction

3

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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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

21



/22[	M.	Cristinziani	|	Top	quark	production	|	PANIC	2017	|	北京	|	01–Sep–2017	]

830	pb	@	13	TeV

Top-quark	production
•Top-quark	pairs	via	strong	interaction
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Top-quark	pair	signatures

4

•Weak	decay	
• governed	by	CKM	matrix,	BF(t→Wb)	~	1	
• no	FCNC	transitions	at	tree	level	

u c t

bsd
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Top-quark	pair	signatures

4

•Weak	decay	
• governed	by	CKM	matrix,	BF(t→Wb)	~	1	
• no	FCNC	transitions	at	tree	level	

u c t

bsd

•tt	̄final	states	
• Dilepton:	2b,	2ℓ,	2ν	
• Lepton+jets:	2b,	2q,	1ℓ,	1ν	
• All	hadronic:	2b,	4q	
•With	τhad	leptons

•W	→	ℓν,	τhadν	or	qq̄
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Top-quark	pair	signatures
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Chris Pollard Glasgow ATLAS EPS 2017

resolved and boosted top 
reconstruction
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Inclusive	tt	̄production	cross	section
•Several	measurements	at	3	collision	energies	
• stringent	tests	of	QCD	with	heavy	quarks	
• can	be	sensitive	to	potential	new	physics	
• but	also:	top	quark	mass	in	well	defined	renormalisation	scheme
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tt	̄production	in	ℓ+jets	channel	at	8	TeV
•Split	selection	in	3	signal	regions		
• different	backgrounds	
• sensitive	to	additional	radiation	

•Analysis	
•W+jets	background	shape	modelled	using	Z+jets	in	data	
•multi-jet	from	data,	including	normalisation	
• neural	network	with	kinematic	observable	inputs	
• likelihood	fit	with	nuisance	parameters	

•Result	
• σtt	̄=	248.3	±	0.7stat	±	14.2syst	pb	
• dominant	uncertainties	

○ MC	modelling	
○ jet	energy	scale,	b-tagging
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tt	̄inclusive	production	summary

Most	precise	measurements	at	7,	8	and	13	TeV	compared	to	calculations
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tt	̄differential	cross	section
•Motivation	
• detailed	test	of	pQCD,	constrain	PDF	and	MC	parameters

8
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•General	analysis	strategy	
• tight	event	selection	→	pure	tt	̄sample	
• tt	̄/	top	quark	kinematic	reconstruction	
• background	subtraction	
• corrections:	acceptance,	resolution	→	unfolding	

• X	=	pT,	η	of	top-quark;		pT,	η,	mtt	̄of	top-quark	pairs,	…	
• compare	to	theory	predictions	at	particle	of	parton	level

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

8

1
�

d�i

dX
=

1
�

unfold(sXi � bX
i )

�X
i ·

�
Ldt

measuring σtt differentially 

Top quark definitions 

Parton-level:  
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•General	analysis	strategy	
• tight	event	selection	→	pure	tt	̄sample	
• tt	̄/	top	quark	kinematic	reconstruction	
• background	subtraction	
• corrections:	acceptance,	resolution	→	unfolding	

• X	=	pT,	η	of	top-quark;		pT,	η,	mtt	̄of	top-quark	pairs,	…	
• compare	to	theory	predictions	at	particle	of	parton	level

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
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Top	quark		
after	radiation,	but	before	decay

Parton	level

EPJ	C73	(13)	2261,	PR	D90	(14)	072004,	JHEP	06	(15)	100	[7	TeV]	—		EPJ	C76	(16)	538,	PR	D93	(16)	032009	[8	TeV]	—		EPJ	C77	(17)	292,	ATLAS-CONF-2017-044,	1708.00727	[13	TeV]

Results	at	7,	8	and	13	TeV
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tt	̄ℓ+jets	differential	13TeV	3.2	t–1

•Analysis	
• Resolved	and	boosted	regime	
• full	phase	space	parton	or	particle	level		

○ avoids	model-dependent	extrapolations		

• absolute	and	relative	distributions	
• top	and	tt	̄system	

•Findings	
• generally	modelling	ok	
• pT	(top)	not	well	described	

○ Powheg+Herwig7	best	description	

• y(tt)̄	not	well	described	
○ sensitive	to	different	PDFs

9
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tt	̄modelling	of	top	pT	distribution

•pT	(top)	not	well	described	
• already	observed	at	7	and	8	TeV,	ATLAS	and	CMS	
• ewk	corrections	and	foremost	full	NNLO	calculations	needed	for	data/MC	agreement	
• observe	in	ℓ+jets,	dilepton	and	all	hadronic	channels	also	at	13	TeV

10

1708.00727,	EPJC	77	(2017)	299,	ATLAS-CONF-2016-100	
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tt	̄eμ	differential:	lepton	observables
•Fiducial	lepton	and	dilepton	distributions	compared	to	
• tt	̄NLO	and	LO	multileg	generators	
• parton	shower	and	hadronisation	

•Results	
• in	general	good	agreement	
• sensitive	to	gluon	PDF	

• pole	mass,	δmt	<	2GeV	(see	next	talk)

11
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t-channel	
210	pb	@	13	TeV

s-channel	
11	pb	@	13	TeV

Wt	channel	
72	pb	@	13	TeV

•Single-top	quarks	via	weak	interaction

Top-quark	production
•Top-quark	pairs	via	strong	interaction

12

830	pb	@	13	TeV

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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•Single-top	quarks	via	weak	interaction

Top-quark	production
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t-channel	at	8	TeV:	fiducial
•Signature	
• ℓ	+	ETmiss	+	b-tag	+	forward	jet	

•Backgrounds	
• tt,̄	W+jets,	multi-jets	

•Neural	networks	to	enhance	S/B	
•Separate	cross-section		
• for	ℓ+	and	ℓ–	

•Fiducial	
• fiducial	cross	section	to	reduce	
systematic	uncertainties	

• fiducial	volume	defined	using	stable	
particles	with	cuts	close	to	selection	

• Results	
○ σtq	(fid.)	=	9.87	pb	±	5.8%	
○ σtq̄	(fid.)	=	5.77	pb	±	7.8%	

•Uncertainties	
○ systematically	dominated:	JES,	NLO	matching	
choice,	lepton	reconstruction
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t-channel	at	8	TeV:	total	cross	section
•Total	cross	section	
• fiducial	cross	section	extrapolated	to	
full	phase	space	

• σ(tot)	=	Ntot/Nfid⋅σ(fid)	
○ σtq(tot)	=	56.7+4.3–3.8	pb	
○ σtq̄(tot)	=	32.9+3.0–2.7	pb	

• compared	to	different	generators	

•Ratio	Rt	
• Rt	=	σtq/σtq̄	=	1.72	±	0.09	

• without	unitarity	assumption	
• |fLV⋅Vtb|2	=	σmeas	/	σpred		=	1.029	±	0.048
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t-channel	at	8	TeV:	differential	cross	section
•Region	with	enhanced	purity	
• select	events	with	ONN	>	0.8	

•Unfolded	distributions	
• parton	level	

○ pT(t),	|y(t)|	for	t/t	̄

•particle	level	
○ pT(t),	|y(t)|,	pT(j),	|y(j)|	for	t/t	̄

• good	agreement	with	NLO	predictions	
•main	sources	of	systematics	

○ similar	to	fiducial	measurement
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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.

• 7.7σ	significance						σWt		(8	TeV)	=
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Single	top	–	s-channel
•Motivation	
• SM	process	not	yet	seen,	other	
resonances	may	decay	to	tb	

•Strategy	
• 2j2b	(SR),	2j1b	(t-channel,	W+jets)	
•matrix-element	method	employed	
• combined	ML	fit	to	SR	and	CR	

• lepton	charge	discriminates	W+jets	

•First	evidence	at	LHC	

• expected	significance	3.9σ	
• observed	significance	3.2σ		

•Main	systematics	
• jet	energy	resolution,	modelling,										
b-tagging
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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.
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Summary	single	top	production
•good	agreement	with	NLO	calculations	
• from	σmeas.	/σtheo.	=	|fLV⋅Vtb|2	→	can	extract	|Vtb|	with	5%	uncertainty
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Wtb	vertex:	triple	differential	decay	rate
•Normalised	triple-differential	(θ,θ*,φ*)	decay	rate	of	top	quarks	
• complete	description	of	anomalous	couplings	in	Wtb	+	top	polarisation	
• relate	to	helicity	amplitudes	in	t→Wb	

•9	ak,l,m	=	0,	parameterised	by	
• 3	amplitude	fractions	f1,	f1+,f0+		
• 2	phases	δ–	:	can	imply	CP	violation,	δ+	not	observable	
• a	nuisance	parameter	

•Strategy	and	results	
• global	fit	with	all	correlations	
• extraction	of	limits	on	anomalous	couplings	
• no	assumptions	on	values	of	the	other	couplings
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Wtb	vertex:	triple	differential	decay	rate
•Normalised	triple-differential	(θ,θ*,φ*)	decay	rate	of	top	quarks	
• complete	description	of	anomalous	couplings	in	Wtb	+	top	polarisation	
• relate	to	helicity	amplitudes	in	t→Wb	

•9	ak,l,m	=	0,	parameterised	by	
• 3	amplitude	fractions	f1,	f1+,f0+		
• 2	phases	δ–	:	can	imply	CP	violation,	δ+	not	observable	
• a	nuisance	parameter	

•Strategy	and	results	
• global	fit	with	all	correlations	
• extraction	of	limits	on	anomalous	couplings	
• no	assumptions	on	values	of	the	other	couplings
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The properties of these M-functions are detailed in Ref. [37].198
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Associated	single	top	production:	tZq
•Motivation	
• electroweak	process,	not	yet	observed	(800	fb)	
• sensitive	to	tZ	and	WWZ	coupling	
• first	step	on	the	way	to	measure	tH	

•Analysis	outline	
• SR:	3	leptons	(mll	~	mZ),	1	central	b-tag	+	1	jet	
• 10	variables	used	as	input	to	NN	to	enhance	S/B	
• background	under	control	with	validation	regions	

○ diboson:	no	b-tagged	jet																													tt:̄		!(mll	~	mZ)
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tZq	results
•Dominant	systematic	uncertainty	
• tZq	radiation:	hard	scatter	and	parton	
shower	scales	

•Fit	setup	
• binned	ML	fit	to	full	NN	distribution	in	SR	
• tt	̄and	diboson	normalisation	from	CRs	
• Z+jets	data-assisted	MC	correction
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Results	
• σtZq	=	600	±	170stat	±	140syst	fb	
• expected	significance	5.4σ		
• observed	significance	4.2σ
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Summary
•Millions	of	top-quarks	produced	at	LHC	
• comprehensive	program	at	ATLAS	to	measure	tt	̄and	single	top	production	

•Top-quark	pairs	
• inclusive	cross-section	compared	to	NNLO	calculations	
• differential	cross-section	helps	MC	tuning,	to	extract	gluon	PDF,	…	

•Single	top	
• all	three	channels	now	seen	
• t-channel	differential	distribution	allows	also	to	probe	Wtb	structure	
• first	evidence	of	tZq	process	shown
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