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The	Top	Quark	
§  The	most	massive	par=cle	known	to	date	

u  Largest	Yukawa	coupling	among	the	fermions		
u  Very	short	life=me		
u  Decays	via	the	weak	interac=on,	BR(tàbW)~100%	
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τ t =
1
Γt

~ 0.5×10−24 s < 1
ΛQCD

<
mt

ΛQCD
2 ~ 3×10

−21s << τ b ~10
−12 s

τ t < τ hadronization( ) < τ spin− decorrelation( ) << τ b

No	hadronic	bound	states	 Spin	effects	propagate	to	
decay	products.		

à Behaves	like	a	bare	quark	
à Top	quark	proper=es	“directly”	accessible	
(mass,	Vtb,	spin,	charge,	couplings)	



Top	pair	produc=on	through	QCD	interac=ons.	
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σ tt( ) ~ 830 pb @ 13 TeV σ tt
13TeV ~ 3×σ tt

8TeV

§  Sensi=ve	to	PDFs,	αs,	mt	

§  Backgrounds	to	Higgs	and	
many	new	physics	searches	



Top	Quark	and	QCD	

§  Top	quark	measurements	
u  Test	perturba=ve	QCD	
u  Understanding	perturba=ve	and	non-perturba=ve	
QCD	effects	à	ul=mate	precision	in	top	quark	mass,	
its	interpreta=on	and	in	other	proper=es.		

§  This	talk:	a	sub-set	of	measurements	from	CMS	

4	

All	public	top	physics	results	from	CMS	at:	
h`ps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP			



Cross	Sec=ons	from	√s	=	2	to	13	TeV	
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§  13	TeV	top	pair	cross	sec=on	measurements:	already	at	NNLO	+	NNLL	
precision:		
u  ~5.5%	(eµ	channel).	
u  ~3.9%	(l+jets	channel).	

§  Run	I	legacy	measurement	precision:	~3.5%	(eµ	channel).			arXiv:1603.02303,	Accepted	for	
publicaHon	in	JHEP.		
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Details	of	`bar	cross	sec=on	analyses	in	Georgios	Krin=ras’	presenta=on	in	~1	hour	
in	the	heavy	quark	session.			



Improving	Uncertain=es	

§  Contribu=ons	to	total	uncertainty	spread	over	many	different	
sources	

§  Some	experimental	uncertain=es	will	improve	with	=me	
u  Sta=s=cal	uncertain=es	
u  Lepton	id	and	isola=on	
u  Jet	energy	scale	
u  …	

§  Theory	uncertain=es	can	par=ally	be	tested	and	improved	with	
measurements	
u  Hadroniza=on	
u  Top	quark	pT	modelling	
u  …	

6	



Top	Pair	Differen=al	Cross	Sec=ons	
§  Test	QCD	descrip=on	of	the	top	quark	(both	as	signal	and	background)	
§  Test	and	tune	new	MCs	(NLO	ME	+	LO	PS	MC)	
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TOP-16-007	

§  Differen=al	distribu=ons	described	reasonably	well	by	NLO	MCs	at	par=cle	level	
(TOP-16-007),	at	parton	level	and	NNLO	calcula=ons	(TOP-16-011,	TOP-16-008)	.		
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The	Top	Quark	pT	
§  LHC	Run	1	“discovery”:	harder	
spectrum	in	LO/NLO+PS	predic=ons	
than	in	data.	
§  NNLO+NNLL	à	significantly	be`er	

descrip=on	of	top	pT.	
§  Similar	behavior	@	13	TeV	
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The	Top	Quark	pT	in	Rapidity	Bins	

§  Harder	spectrum	in	LO/NLO+PS	predic=ons	than	
in	data	except	the	highest	rapidity	bin.		
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Mangano,	Nason,	Ridolfi,	
Nucl.	Phys.	B	373	(1992)	295	



Boosted	Top	Pair	Produc=on	
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Resolved	topology:	
Each	parton	matched	
to	a	single	jet.	

“fat	jet”:	Cambridge-Aachen	R=0.8,		
CMS	top	tagger,	pT>	400	GeV.	

Boosted	topology:	
à	Decay	products	collimated	

High	top	pT	or	high	m`bar	

≥3	subjets	
Min.	subjet	pair	mass	>	50	GeV	
Jet	mass	=	[140,250	GeV]	
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Boosted	Top	Pair	Produc=on	

§  Boosted	reconstruc=on	
§  Measurements	at	parton	and	par=cle	

levels.		
§  Best	descrip=on	with	MC@NLO+Herwig6.	
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à	Decay	products	collimated	

High	top	pT	or	high	m`bar	

arXiv:1605.00116	

Available	in	RIVET	 Harder	spectrum	in	predic=ons	than	in	data.		

Lepton+jets	channel	

≥3	subjets	
Min.	subjet	pair	mass	>	50	GeV	
Jet	mass	=	[140,250	GeV]	
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Boosted	Top	Pair	Produc=on	

§  Boosted	reconstruc=on	
§  Measurements	at	parton	and	par=cle	

levels.		
§  Best	descrip=on	with	MC@NLO+Herwig6.	

12	

 (GeV)
T

Particle-level t jet p
400 500 600 700 800 900 1000 1100 1200Th
eo

ry
 / 

D
at

a

0.5

1

1.5

 (f
b/

G
eV

)
T

/d
p

σd

-110

1

10
Data
Powheg+Pythia6
MadGraph+Pythia6
MC@NLO+Herwig6
Stat. uncertainty

 syst. uncertainties⊕Stat. 

CMS

 (8 TeV)-119.7 fb

Resolved	topology:	
Each	parton	matched	
to	a	single	jet.	

“fat	jet”:	Cambridge-Aachen	R=0.8,		
CMS	top	tagger,	pT>	400	GeV.	

Boosted	topology:	
à	Decay	products	collimated	

High	top	pT	or	high	m`bar	

arXiv:1605.00116	

Available	in	RIVET	  (GeV)
T

Leading top p
0 200 400 600 800 1000 1200

)-1
 (p

b/
G

eV
T

1/
L 

dN
/d

p

5−10

4−10

3−10

2−10

Detector level
Data (resolved)
Data (boosted)
Powheg
aMC@NLO
Madgraph

 (13 TeV)-12.53 fb

CMS
Preliminary

TOP-16-013	

Harder	spectrum	in	predic=ons	than	in	data.		

Resolved	
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Jet	Mul=plicity	at	√s	=	13	TeV	

§  New	ME	generator	+	PS	codes	in	Run	II	
§  Predic=ons	overshoot	the	data	for	jet	large	mul=plici=es	when	out	

of	the	box	parameters	are	used	(in	Monash-based	tunes)	.		
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§  Low	jet	mul=plici=es	à	Sensi=ve	to	Matrix	element	and	matching	to	
parton	shower.		

§  High	jet	mul=plici=es	à	parton	shower	
§  `+jets	important	background	to	`H.		

TOP-16-008	
TOP-16-011	

Monash	Tune:	Skands,	Carrazza,	Rojo,	EPJ	C	74	(2014)	1	



Shower	αs	Tuning	
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CMS data 19.7fb−1(8 TeV)
arXiv:1510.03072
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§  Discrepancies	at	high	Njets	à	 	 	
	e.g.	non-op=mal	parton	shower	αs.	

§  Use	Njets	>	3	where	jets	predominantly	
originate	from	the	parton	shower.	

dilepton	

dilepton	



`+bb,+jj	at	13	TeV	
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§  Test	of	NLO	QCD	
§  Background	to	`H		
§  2	leptons,	>=4	jets	with	>=2	b-tags	

Par=cle-level	jet	pT	>	20	GeV	

+Pythia8	



Double	Differen=al	`bar	Cross	Sec=ons	at	
√s	=	8	TeV	

§  Normalized	double	differen=al	cross	sec=ons	in	full	phase	space.	
§  Six	combina=ons	of	two	observables	in	the	eµ	channel.	
§  NLO	QCD	(MC	and	fixed	order	calcula=ons)	describe	the	data	well	except	

u  Top	pT	
u  Top	y:	narrower	in	MC	at	high	M(`bar)	=	650-1500	GeV.		
u  Δη(t,tbar):	smaller	in	MC	at	moderate	M(`bar)		
u  2D	`bar	distribu=ons	may	have	significant	effect	in	future	PDF	fits.		
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TOP-14-013	
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Determina=on	of	αs		
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§  σ`bar	(CMS;	7	TeV;	dilepton)	[JHEP,	11	(2012)	067]	
§  TOP++	2.0	calcula=on	(@	NNLO+NNLL)	with	αs(MZ)	scan.		
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§  Jet	data	from	LHC	à	αs	up	to	~1.5	TeV	
u  but	only	up	to	NLO	QCD	(or	approx.	

NNLO)	with	large	scale	uncertain=es	
and	non-perturba=ve	correc=ons.		
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Using	NNPDF2.3:	

δ(αs)=2.4%	
à δ(scale):	0.8%	
à δ(mt):	1.1%	
à  LHC	beam	energy:		
δ(√s)=46	GeV	à	0.7%	
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PLB	728,	496	(2014)	
(arXiv:1307.1907v3)	

SMP-14-001	



Direct	Top	Quark	Mass	Measurements	

§  Run	I	combina=on:	
7+8	TeV	in	lepton
+jets,	dilepton,	and	
all-hadronic	channels	

§  Precision	0.3%	
§  Dominant	systema=c	
uncertain=es:	flavor-
dependent	JEC	and	b	
jet	modeling.	

18	

arXiv:1509.04044	



Improving	Top	Mass	Measurements	

§  Major	uncertain=es	
u  b	hadroniza=on	modeling	(and	effect	on	
jet	energy	scale)	

u  Modeling	of	hard	sca`ering	
u  Jet	energy	calibra=on	and	pile-up.		

19	

à 	Dedicated	measurements	and	theory	studies	to	improve	modeling.	
à 	Alterna=ve	measurements	displaying	different	aspects	of	
systema=cs		

à 	Use	observables	with	a	well-defined	mass	defini=on	in	pQCD:	
σ(`bar),	m(lb),	m(`,jet),	…	

à 	And	alterna=ve	topologies.		



20	

CMS Preliminary

 (13 TeV)-12.2 fb

chN
0 20 40 60 80 100 120

M
C

/D
at

a

0.5

1

1.5

ch
/d

N
ev

 d
N

ev
1/

N

4−10

3−10

2−10

1−10

1
overall
away
transverse
toward

 Powheg + Pythia 8tt
2(CUETP8M1) (2Q)

§  Charged	par=cle	ac=vity	through	Nch,	ΣpTch,	<pTch>	vs	pT(`bar)	and	Njets.	

Underlying	Event	in	`bar	Events	at	√s	=	13	TeV	
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TOP-15-017	

à Fair	agreement	between	Powheg+P8	CUETP8M1	tune	predic=ons.		
à UE	is	sensi=ve	QCD	scales.		
à May	lead	to	more	precise	top	mass	with	be`er	understood	systema=cs.		
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away	

tt

Δφ tt , particlei( )



(non-)perturba=ve	effects	that	have	
different	kinema=c	dependences?	
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§  Study	8	variables	sensi=ve	to	color	
reconnec=ons,	ISR/FSR,	b-quark	kinema=cs.	

§  Measurement	calibrated	in	each	bin	minus	
average	from	the	inclusive	measurement.		

§  No	indicaHon	of	a	kinemaHc	bias.	
§  StaHsHcs	not	yet	enough	to	constrain	further	

some	of	the	alternate	hbar	models.		

Benjamin	S=eger	
Phys.	Rev.	D	93	(2016)	072004	



Top	Quark	Mass	using	Charged	Par=cles		
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Use	only	charged	decay	products	of	the	top	quark:	
Invariant	mass	of	the	secondary	vertex	w/	>=	3	
tracks	+	lepton.		

PRD	93	(2016)	092005	

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

§  Minimal	experimental	uncertain=es.	
§  Large	dependence	on	quark		fragmenta=on	

modeling	(~	1	GeV)		
§  Top	pT	modeling	~	0.8	GeV	
§  Standard	measurements	affected	by	

hadroniza=on	effects	on	jet	energy	scale.		
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Inclusive	charm	mesons	in	`bar	
events.		
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§  Uncertain=es	in	hadroniza=on	modeling	of	
the	colored	decay	products	of	the	top	affect	
u  Kinema=cs	of	the	tracks	
u  Flavor	composi=on	and	charged	mul=plicity	

PRD	93	(2016)	092005	



Inclusive	charm	mesons	in	`bar	events	
and	b	quark	fragmenta=on	

§  Reconstructed	mesons	carry	~	50-60%	of	the	overall	charged	jet	momentum.		
§  Z2*	LEP	rb	fragmenta=on	displays	be`er	agreement	with	data	than	Z2*	(with	large	

sta=s=cal	uncertain=es).		
u  Confirmed	by	secondary	vertex	proper=es	in	Z+jets	and	`bar	events.	
u  Select	Z2*	LEP	rb	as	the	central	b	quark	fragmentaHon	shape.		

§  Larger	data	sets	of	LHC	Run	II	à	secondary	ver=ces	or	charmed	mesons	&	top	
mass	to	constrain	b	quark	fragmenta=on	
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Top	Quark	Mass	in	`bar	Events	with	a	J/ψ		
§  Mass	from	direct	reconstruc=on	à	dominated	by	uncertain=es	in	(b)	jet	

energy	scale	and	sos	QCD	modeling	(e.g.	b	quark	hadroniza=on	and	UE).		
§  Alterna=ve:	Use	the	correla=on	between	the	3-prong	leptonic	mass	and	

the	top	quark	mass	[CMS	Coll.,	CERN-LHCC	92-003,	1992].		
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Fragmenta=on		
func=on	

Precisely	known	from		
B	factories	

CMS-PAS-TOP-15-014	
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§  Small	number	of	events	due	to	the	small		BR	(=3.2x10-4)	 	δ	=	3	GeV	
§  Minimal	experimental	uncertain=es	 	 	 	 	 	δ	<	0.10	GeV	
§  Strong	dependence	on	b	quark	fragmenta=on	modeling	 	δ	=	0.30	GeV	
§  Top	pT	 	 	 	 	 	 	 	 	 	 	 	δ	~	0.65	GeV	
§  ME/PS	matching 	 	 	 	 	 	 	 										δ	~	0.55	GeV	
§  QCD	scales	 	 	 	 	 	 	 	 	 	 	δ	~	0.45	GeV		



Top	Quark	Mass	in	`bar	Events	with	a	J/Ψ	
§  Parton-to-hadron	pT	transfer	(b	quark	fragmenta=on)	
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Summary	of	Alterna=ve	(Indirect)	Top	
Mass	Measurements	

§  So	far,	all	the	top	mass	defini=ons	
tested	with	CMS	data	look	
consistent	within	uncertain=es	
u  Many	different	techniques	and	
observables	have	been	explored	at	
8	TeV	in	all	channels.	

§  Looking	forward	to	further	
understand	this	parameter	with	
LHC	Run	II	data.	
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 [GeV]tm
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 2.91 GeV± 1.50 ±173.50 b hadron lifetime
TOP-12-030 (2013)

 GeV-2.10 +1.70 0.90 ±173.90 Kinematic endpoints
EPJC 73 (2013) 2494

 2.66 GeV± 1.17 ±172.29 b-jet energy peak
TOP-15-002 (2015)

 0.90 GeV± 3.00 ±173.50 ΨLepton+J/
TOP-15-014 (2016)

 GeV-0.97 +1.58 0.20 ±173.68 Lepton+SecVtx
arXiv:1603.06536 (2016)

 GeV-3.09 +2.68 1.10 ±171.70 Dilepton kinematics
TOP-16-002 (2016)

 GeV-0.93 +0.97 0.77 ±172.60 Single top enriched
TOP-15-001 (2016)

 GeV-3.49 +4.38 1.10 ±169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-1.80 +1.70173.80 ) 7+8 TeVt(tσ
arXiv:1603.02303 (2016)

 0.47 GeV± 0.13 ±172.44 CMS 7+8 TeV (2015)
arXiv:1509.04044

 0.71 GeV± 0.27 ±173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

May 2016

 syst.)± stat. ±(value 

CMS Preliminary



Summary	
§  Top	quark	plays	an	important	role	in	precision	measurements	and	

new	par=cles	searches.		
	
§  Goal	to	reach	the	ul=mate	precision	in	Run	II.		

u  Top	mass 		
u  Establish	all	top	couplings			

	
§  σ`	<	4%	be`er	than	NNLO	accuracy	
§  mt	with	~500	MeV	precision.		
§  Probing	differen=al	spectra	to	understand	and	improve	top	quark	

event	modeling	and	generators	(and	top	as	background).	
§  Dedicated	measurements	and	theory	studies	to	improve	modeling	

and	uncertain=es.	
§  Alterna=ve	measurements	(also	with	alterna=ve	topologies)	

displaying	different	aspects	of	systema=cs.					
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Bonus	

29	



Top	pair	produc=on	through	QCD	interac=ons.	

30	

σ tt( ) ~ 830 pb @ 13 TeV σ tt
13TeV ~ 3×σ tt

8TeV



Signal	Samples	for	Run	II		

§  Main	signal	samples	at	13	TeV		
u  Powheg_v2	+	Pythia	6/8	
u  MG5_aMC@NLO	+	Pythia8	[LO]:	`+0,1,2,3	jets:	MLM	
u  MG5_aMC@NLO	+	Pythia8	[NLO]:	`+0,1,2	jets:	FxFx	
merging	

u  Single	top:	4	flavor-scheme	à	for	event	genera=on	in	general	
for	any	b-ini=ated	process	at	the	LHC	-	see	e.g.	Maltoni	et	al.	JHEP	04	
(2013)	095.	

u  PDFs:	NNPDF2.3	(LO),	NNPDF3.0	(NLO)	with	LHAPDF6.	
u  New	tunes:	CUETP8,	4C	
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Single	Top	Cross	Sec=ons		

32	
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NLO+NNLL, PRD 83, 091503 (2011)

Tevatron, arXiv:1503.05027 [hep-ex]

CMS, JHEP 12, 035 (2012)

CMS, JHEP 06, 090 (2014)

CMS, TOP-16-003 (prel.)

NLO+NNLL, PRD 82, 054018 (2010)

CMS, PRL 110, 022003 (2013)

CMS, PRL 112, 231802 (2014)

NLO+NNLL, PRD 81, 054028 (2010)

Tevatron, PRL 112, 231803 (2014)

CMS, arXiv:1603.02555 [hep-ex]

Single top-quark production
Inclusive cross sections

)pt-channel (pp or p

)ptW (pp or p

)ps-channel (p

s-channel (pp)

§  Single	top	t-channel	cross	sec=on	at	NNLO	precision		
u  Theory	uncertainty	~1%	
u  Measurement	uncertainty		

•  ~10%	at	8	TeV	(with	20	�-1)	
•  ~15%	at	13	TeV	(with	2.3	�-1)	

σ tW = 23.1±1.1 stat( )±3.3 syst( )
±0.8 lumi( ) pb

TOP-15-019	

§  All	single	top	quark	
produc=on	modes	
measured	at	Run	I	

§  Latest	ATLAS+CMS	
tW	combina=on	at	
8	TeV.	



Differen=al	Single-Top	t-Channel	at	√s	=	13	TeV	

§  First	Run	II	measurement	of	differen=al	single-top	cross	
sec=ons.	

§  Many	more	and	precise	measurements	to	come.		
33	
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Mlνb	in	single	top	topology	

§  Alterna=ve	event	topology	
§  Par=ally	uncorrelated	systema=cs	
§  Different	color	flowà	check	for	“unknown”	syst.		
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TOP-15-001	

mt =172.60± 0.77 stat( )−0.93
+0.97



Top	Quark	Pole	Mass	Measurements	

35	
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à Compare	unfolded	distribu=on	to	NLO	
predic=ons	(POWHEG+PYTHIA8).	

dilepton	

à Dominated	by	scale	uncertain=es.	

arXiv:1603.02303	

à Dominant	uncertain=es:	
						Luminosity,	beam	energy	

à	No	MC	calibra=on	à		
Top	quark	pole	mass	@	NNLO	

Alioli	et	al.		
EPJ	C73	(2013)	2438	

mt =169.9±1.1 stat( )−3.1
+2.5 syst( )−1.6

+3.6GeVmt =173.8−1.8
+1.7GeV

σh	vs	mt
pole	from	NNLO+NNLL	predicHon	with	

different	PDF	sets	with	a	fixed	αs	
Invariant	mass	of	h+jet	system	
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 GeV-4.70 +5.20167.50 ), 1.96 TeVt(tσD0 
PLB 703 (2011) 422
MSTW08 approx. NNLO

 GeV-3.40 +3.30169.50 ), 1.96 TeVt(tσD0 
D0 Note 6453-CONF (2015)
MSTW08 NNLO

 GeV-3.57 +3.38172.80 ), 1.96 TeVt(tσD0 
arXiv:1605.06168 (2016)
MSTW08 NNLO

 GeV-2.60 +2.50172.90 ), 7+8 TeVt(tσATLAS 
EPJC 74 (2014) 3109

 GeV-2.11 +2.28173.70 +j shape, 7 TeVtATLAS t
JHEP 10 (2015) 121

 GeV-1.80 +1.70173.80 ), 7+8 TeVt(tσCMS 
arXiv:1603.02303 (2016)

 GeV-3.66 +4.52169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-2.30 +2.70172.30 ), 13 TeVt(tσCMS 
TOP-16-006 (2016)

 GeV-0.76 +0.76173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427, standard measurements

July 2016Top-quark pole mass measurements



Top	Tag	Efficiencies	

37	

 = 8 TeVsCMS Simulation, 

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 400 GeV/c

T
p

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 600 GeV/c

T
p

Top Tag Efficiency
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

M
is

ta
g 

R
at

e

-410

-310

-210

-110

Matched parton
 > 800 GeV/c

T
p

CMS Top Tagger
subjet b-tag

2τ/3τN-subjettiness ratio 
CMS + subjet b-tag

 + subjet b-tag2τ/3τCMS + 
HEP Top Tagger

 + subjet b-tag2τ/3τHEP + 
HEP WP0
HEP Comb. WP1
HEP Comb. WP2
HEP Comb. WP3

CMS WP0
CMS Comb. WP1
CMS Comb. WP2
CMS Comb. WP3
CMS Comb. WP4

JME-13-007	



αs	vs	µR	

§  The	uncertainty	on	the	tuned	αs	value	(0.115)	corresponds	to	varia=ons	of	
μR	by	factors	of	0.33	for	the	upper	bound	and	4.1	for	the	lower	bound	
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