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Top	pair	producGon	at	the	LHC 
•  Top	quark	pairs	(M̄)	are	predominantly	produced	via	strong	
interacGon	at	the	LHC		
•  Precision	tests	of	QCD	
•  In	a	wide	range	of	different	scales	
•  Tuning	of	modeling	parameters	

•  SensiGve	to	new	physics		
•  parGcularly	if	they	couple	to	mass	

•  Background	to	many	searches	
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Leading	order	contribuGons	at	the	LHC:	gg	~O(90%),	qq	~O(10%)	at	13-14	TeV 



Precision	tests	of	QCD 
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QCD	process	with	significant	
higher-order	correcGons		
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Significant	higher-order	correcGons	
Ø  probe	pQCD Gluon	fusion	as	producGon	mode		

Ø  constrain	gluon	PDF	

Soe	radiaGon	in	producGon	and	decay	
Ø  constrain	modeling	of	parton	shower	

and	hadronisaGon	 



New	physics	and	searches 
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Z’,	G...? 

Many	new	physics	involve	M̄̄	signature	
Ø  tt̄	measurements	constrain	new	physics	and	backgrounds	

for	searches	



Signatures	of	tt̄ 
Decay	modes	and	BR:	
•  ~46%	all	hadronic	
•  ~30%	lepton+jets	
•  ~4%	dilepton*		
	
	
	
	
	
	
	*	~6%	if	including	τ->e/μ	
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Outline 
Top	quark	pair	produc:on	
•  Inclusive	and	differenGal	cross-secGons	

Top	quark	pair	produc:on	with	X	
•  X	=	addiGonal	jets	
•  X	=	weak	(W/Z)	bosons	

Top	proper:es	
•  Charge	asymmetry	
•  Top	mass	

	
Note:	Recent	results	for	M̄+bbs	(8TeV)	are	not	covered	here	due	to	Gme	concern	
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TOP	QUARK	PAIR	PRODUCTION 
Inclusive	and	differenGal	cross-secGons 
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tt̄	inclusive:	eμ	13	TeV 
Main	features	
•  High-purity	eμ	events	with	1	and	2	b-tags	
•  Carefully	designed	to:	
•  Minimize	systemaGc	uncertainGes	
•  Measure	as	much	as	possible	in-situ	

•  Similar	strategy	as	in	Run	1	

•  Dominant	uncertainGes	from	hadronisaGon 
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tt̄	event	in	ATLAS	@	13	TeV 
•  Event	display 
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Summary	of	tt̄	cross-secGons 
•  Summary	plot 
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tt̄	differenGal:	dilepton	7	and	8	TeV	 

Main	features	
•  Measure	tt̄	observables	in	dilepton	channel	
•  No	top	reconstrucGon	needed	(only	tt̄-system	
considered)	

•  Unfolded	to	parton-level;	useful	for	tests	of	
pQCD,	MC	generators	and	PDFs	

•  Dominant	uncertainGes	from	top	modeling 

Ki	Lie	(U.	of	Illinois)	 Top	pair	producGon	and	properGes	in	ATLAS,	QCD@LHC	2016	 11	

arXiv:1607.07281 

pT(tt̄),	m(tt̄),	|y(tt̄)| 

pT(tt̄),	8	TeV 

pT(tt̄),	7	TeV 



tt̄	differenGal:	dilepton	7	and	8	TeV	 

•  pT(tt̄)	not	well-described	by	NLO+NNLL	at	7	and	8	TeV	
•  SensiGve	to	radiaGon	scale	and	MC	tuning	parameters	
•  SensiGve	to	MC	generators	and	parton	shower	models 
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tt̄	differenGal:	dilepton	7	and	8	TeV	 

• m(tt̄)	is	well-described	at	7	and	8	TeV 
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tt̄	differenGal:	dilepton	7	and	8	TeV	 

•  Absolute	rapidity	shows	interesGng	trends,	some	tension	
between	data	and	NNLO	calculaGon	at	high	rapidity	
•  SensiGve	to	different	PDF	sets	(CT10	p-value	<0.01) 
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tt̄	differenGal:	l+jets	13	TeV 

Main	features	
• DifferenGal	cross-secGons	in	resolved	and	boosted	events	using	
lepton+jets	channel	
• Unfolded	to	stable	parGcle	level,	in	fiducial	phase-space	
•  Similar	measurements	and	strategy	also	done	at	8	TeV	
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pT(tt̄),	m(tt̄),	|y(tt̄)| pT(t),	|y(t)| 



tt̄	differenGal:	l+jets	13	TeV 

• Good	agreement	between	data	and	predicGons	in	a	wide	
kinemaGc	region 
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tt̄	differenGal:	l+jets	13	TeV 

• Dominant	uncertainGes:	JES	and	flavor	tagging	
• Good	agreement	between	data	and	predicGons	in	general	
•  Results	also	available	in	absolute	cross-secGons 
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tt̄	differenGal:	top	pT 

•  Data	tends	to	be	soeer	than	NLO	predicGons	at	high	pT(t);	similar	
trends	observed	in	both	resolved	and	boosted	cases	
•  Similar	trends	also	observed	in	previous	results	

Ø NNLO	calculaGon	seems	to	bring	back	agreement	to	data	(8	TeV)	
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13	TeV 8	TeV 

arXiv:1511.04716 



TOP	QUARK	PAIR	PRODUCTION	
WITH	X 
X	=	addiGonal	jets,	W/Z	bosons	
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tt̄+jets:	eμ	8	TeV 

Main	features	
• Measure	addiGonal	jets	in	tt̄	events		
•  AddiGonal	jets	=	all	jets	excl.	2	leading		
b-tagged	jets	

• Unfolded	to	parGcle	level	
• Measured	observables:	
•  Jet	mul:plicity	and	jet	pT	
•  Unfolded	simultaneously	

•  Gap	frac:on	
•  FracGon	of	events	without		
addiGonal	jets	above	pT		
threshold	within	a	rapidity		
region	
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arXiv:1606.09490 

f(Qo),	f(Qsum) 

N_jets,	jet	pT 



tt̄+jets:	eμ	8	TeV 

Dominant	
uncertainGes:	
•  Data	staGsGcs	
(high	pT)	

•  JES,	M	modeling	
(low	pT)		
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tt̄+jets:	eμ	8	TeV 

Gap	fracGon:	
•  FracGon	of	events	without		

addiGonal	jets	above	pT	threshold	
within	a	rapidity	region		

•  SensiGve	to	non-M̄	hard	emission;	
useful	observable	for	constraining	
radiaGon	systemaGcs	

Dominant	uncertainGes:	
•  JES	(low	pT)	
•  tt̄	modeling	and	staGsGcs	

	(high	pT)	

Ki	Lie	(U.	of	Illinois)	 Top	pair	producGon	and	properGes	in	ATLAS,	QCD@LHC	2016	 22	

arXiv:1606.09490 

NLO	MC 

LO	MC 

RadiaGon	
se}ng 



tt̄+jets:	dilepton	13	TeV 

Main	features	
• Measure	addiGonal	jet	mulGpliciGes	with	dilepton	channel	
• Dominant	uncertainGes	from	JES	and	tt̄	modeling	
•  Results:	Powheg+Pythia6	(ATLAS	nominal)	may	have	too	liMle	
extra	radiaGon?	
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ATLAS-CONF-2015-065 

AddiGonal	jet	mulGpliciGes 



tt̄+W/Z:	13	TeV 
Mo:va:on	
•  ttZ̄:	probe	tZ	coupling	
•  ttW̄:	background	to	many	searches	
Main	features	
•  Use	2(SS),	3	or	4	leptons	
•  Separate	fit	for	ttZ̄	and	ttW̄	
	
Results	
•  σM̄Z	=	0.9	±	0.3	pb	
•  ΣM̄W=	1.4	±	0.8	pb	
•  SGll	staGsGcally	limited	

•  NLO	predicGon	(JHEP	07	(2014)	079)	
•  σM̄Z	=	0.76	pb	±	11%	pb	
•  σM̄W=	0.57	pb	±	11%	pb	
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TOP	PROPERTIES 
Charge	asymmetry,	top	mass 
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Charge	asymmetry 
•  SM	QCD	high-order	processes	
introduce	charge	asymmetry	
•  Only	from	quark-induced	top	producGon	

• Observables	at	the	LHC	
•  M	charge	asymmetry	

	
•  Leptonic	charge	asymmetry	(dilepton) 
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NLO	QCD	predicGon:	
AM̄

C	=	0.0111	±	0.0004	
All

C	=	0.0064	±	0.0003	



Charge	asymmetry:	dilepton	8	TeV 
•  Use	dilepton	M̄	events	(l=e,	μ)	
•  Unfolded	to	full	phase-space	parton	level	and	fiducial-region	parGcle	level	
•  Inclusive	and	differenGal	measurements	in	m(M̄),	pT(M̄)	and	βz(M̄)	
Results		
•  StaGsGcally	limited;		
consistent	with	QCD	NLO	predicGons	
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Charge	asymmetry:	boosted	8	TeV 
•  Boosted	M̄	l+jets	events	with	m(M̄)	>	750	GeV	and	-2	<	|Δy|	<	2	
•  Unfolded	to	parton	level	
•  Inclusive	and	differenGal	measurements	in	high	m(M̄)	
Results	
•  Inclusive:	AC=(4.2±3.2)%		
consistent	with	SM:	AC	=	(1.60±0.04)% 
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Top	mass:	dilepton	8	TeV	
•  Use	dilepton	M̄	events	(l=e,	μ)	
•  Template	method	with	lepton-b-jet	pair	mass	(mlb)	
•  Dominant	uncertainGes:	JES,	hadronisaGon,	I/FSR	
Results		
•  mtop	=	172.99	±	0.84	GeV	
•  CombinaGon	with	previous	ATLAS	measurements:	
•  mtop	=	172.84	±	0.70	GeV	
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Top	mass:	all-hadronic	8	TeV	
•  Use	>=	6	jets	with	>=	2	b-jets	M̄	events	
•  Templates	fit	to	raGo	of	3-jet	and	di-jet	mass	(R3/2)	
•  QCD	mulG-jet	background	modeled	with	data	
•  Dominant	uncertainGes	from	hadronisaGon	and	JES	
Results		
•  mtop	=	173.80	±	1.15	GeV	
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Top	mass	summary 
•  summary 
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Summary 

•  ATLAS	has	a	rich	and	robust	program	of	measurements	in	top	quark	pair	
producGon	and	properGes	at	7,	8	and	13	TeV	

•  These	results	are	probing	a	wide	range	of	phase-spaces	in	top	quark	pair	
producGon	and	test	QCD	at	higher-order	levels		

•  New	ATLAS	data	will	conGnue	to	refine	our	understanding	of	the	SM	and	
beyond. 
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EXTRA	SLIDES 
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M	inclusive:	emu	13	TeV 
Courtesy	by	A.	Lister 



M̄	differenGal	cross-secGons:	dilepton	7+8	TeV	 

“M̄”	reconstrucGon: 
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M̄	differenGal	cross-secGons:	dilepton	7+8	TeV	 

SensiGvity	to	different	PDF	sets: 
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M̄	differenGal:	dilepton	vs	l+jets	7	TeV 

•  Run	1	dilepton	and	l+jets	results	show	similar	behaviors	
• Dilepton	sGll	staGsGcal	limited	at	7	TeV;	improved	at	8	TeV 
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M̄	differenGal:	dilepton	vs	l+jets	8	TeV 

• Data	vs	NLO+NNLL 
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M̄	differenGal:	dilepton	vs	l+jets	8	TeV 

• Data	vs	NNLO 
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M̄	differenGal:	l+jets	13	TeV 
ATLAS-CONF-2016-040 

Courtesy	by	J.	Howarth 



M̄	differenGal:	l+jets	13	TeV 

	
UncertainGes	
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tt̄	differenGal:	l+jets	13	TeV 

• Good	agreement	
between	data	and	
predicGons	in	a	wide	
kinemaGc	region 
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RESOLVED 

BOOSTED 

Good	agreement	
between	data	and	

predicGons	in	a	wide	
kinemaGc	region 



M̄	differenGal:	l+jets	8	TeV	vs	13	TeV 

•  Fiducial	phase-space	

•  Nominal	Powheg+Pythia6	hdamp=mt	describes	data	well	in	pT(M̄)	at	both	8	
and	13	TeV	

•  Similar	behavior	seen	in	dilepton	parton-level	results	at	7	and	8	TeV 
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M̄	differenGal:	l+jets	8	TeV	vs	13	TeV 

•  Fiducial	phase-space 
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m(M̄) 
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M̄	differenGal:	l+jets	8	TeV	vs	13	TeV 

•  Fiducial	phase-space 
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M̄	differenGal:	dilepton	7	TeV	vs	l+jets	8	TeV 

•  PDF 
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M̄	differenGal:	top	pT	8	TeV	vs	13	TeV 

• Normalised	
cross-secGons	
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M̄	differenGal:	top	pT	8	TeV	vs	13	TeV 

•  Absolute		
cross-secGons	
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M̄	differenGal:	top	pT	l+jets	8	TeV 

• Data	(l+jets)	vs	QCD	calculaGons	
•  aN3LO,	aNNLO	
•  NNLO 
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M̄	differenGal:	top	pT	l+jets	8	TeV 

•  Data	tends	to	be	soeer	than	NLO	
predicGons	at	high	pT(t)	
•  Similar	trends	observed	in	both	resolved	
and	boosted	cases	
•  NNLO	calculaGon	seems	to	bring	back	
agreement	to	data	
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M̄+jets:	eμ	8	TeV 

m(eμbb)	
• Data	has	higher	radiaGon		
in	high	mass	region	
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•  text 
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Charge	asymmetry:	l+jets	8	TeV 
•  Single-lepton	(e/μ)	events	used	
•  Unfolded	to	parton	level		
•  Inclusive	and	differenGal	measurements	as	a	funcGon	of:		
Invariant	mass	m(M̄),	transverse	momentum	pT(M̄),	longitudinal	boost	βz(M̄)	

Results	
•  All	results	staGsGcally	limited		
•  Inclusive	(AC=0.009±0.005)	and	differenGal		
consistent	with	SM	QCD	NLO	predicGons	
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Top	mass:	dilepton	8	TeV	
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Top	mass:	dilepton	8	TeV	
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Top	mass:	all-hadronic	8	TeV	
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Top	mass:	all-hadronic	8	TeV	
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Top	mass	summary 
•  summary 
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