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The	Top	Quark	
§  The	most	massive	parEcle	known	to	date		

u  very	short	lifeEme		
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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	properEes	“directly”	
accessible	(mass,	Vtb,	spin,	charge,	..)	



The	Top	Quark	
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The	largest	Yukawa	coupling	among	the	fermions	–	special	
role	in	electroweak	symmetry	breaking?		



The	Top	Quark	
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Degrassi	et	al.	JHEP	08	(2012)	098,		
arXiv:1405.6852	

NNLO	

§  The	measured	values	of	the	top	quark	and	the	higgs	boson	mass		
u  SM	is	consistent	and	could	be	valid	up	to	Planck	scale.		
u  Vacuum	may	be	Meta-stable.		
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SM	predicEons,	Top	Quark	and	Higgs	Boson		

LEP	CollaboraEons	CERN-PPE/95-172	

s ≈100 GeV <mt

...	

mt =173−10
+13GeV
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Electroweak	fit	before		
Higgs	discovery:	 mH = 94−22

+25GeV

consistent	with	directly	measured	
mH	within	1.3	SD.	

The	GfiPer	Group,		
EPJC	72,	2205	(2012)	

Most	criEcal	tests	of	the	standard	model!		

…	
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LEP	1	predicEon:	



Top	pair	producEon	through	QCD	interacEons.	
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σ tt( ) ~ 830 pb @ 13 TeV σ tt
13TeV ~ 3×σ tt

8TeV

§  SensiEve	to	PDFs,	αs,	mt	

§  Backgrounds	to	Higgs	and	
many	new	physics	searches	



Top	pair	producEon	through	QCD	interacEons.	
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σ tt( ) ~ 830 pb @ 13 TeV σ tt
13TeV ~ 3×σ tt

8TeV



Electroweak	single	top	producEon	
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t-channel	
~220	pb	

tW-channel	
~72	pb	

s-channel	
~10	pb	

σ t−chan
13TeV ~ 2.5×σ t−chan

8TeV

Wtb	

§  SensiEve	to	Wtb	vertex	(V-A	coupling),	b-	and	u/d-PDFs.	
u  V-A	coupling:	cross	secEons,	W	boson	and	top	quark	
polarizaEons.		

§  Backgrounds	to	Higgs	and	many	searches	



Outline	

§  This	talk:	recent	results	on	top	physics	using	
13	and	8	TeV	CMS	data		
u  ProducEon	and	modelling,		
u  Spin	correlaEon	and	polarizaEon	
u  Couplings	
u  Mass	
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Top	Quark	ProducEon	Cross	SecEons	
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Top	Pair	Cross	SecEon	at	√s	=	13	TeV	in	the	eµ	Channel	

§  Cut	and	count	
u  Select	eµ	pair	with	>=	2	jets	and	>=1	b-tag	

11	

N
um

be
r o

f e
ve

nt
s

0

5000

10000  Data
t t

 Non W/Z
Vt VV + t

 tW ±

µ± e→* γ Z/

 (13 TeV) -1 2.2 fb
CMS
Preliminary

±

µ±* e•

Number of jets
0 1 2 3  4≥

D
at

a/
M

C

0.6

1

1.4

N
um

be
r o

f e
ve

nt
s

0

5000

10000  Data
t t

 Non W/Z
Vt VV + t

 tW ±

µ± e→* γ Z/

 (13 TeV) -1 2.2 fb
CMS
Preliminary

 2 jets≥ + 

±

µ±* e•

Number of b jets
0 1 2  3≥

D
at

a/
M

C

0.6

1

1.4

σ tt mt =172.5 GeV( ) = 793±8 stat( )±38 syst( )± 21 lumi( ) pb

TOP-16-005	

à Consistent	with	NNLO+NNLL	predicEon	and	other	measurements	from	ATLAS	and	CMS.	
à Already	dominated	by	systemaEc	uncertainEes:	

à  Luminosity,	efficiencies,	jet	energy	scale		
à Effect	of	generator	choice	on	acceptance	(POWHEG	vs	MG5_aMC@NLO)	



Cross	SecEons	from	√s	=	2	to	13	TeV	
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§  eµ	channel	
u  13	TeV	top	pair	cross	secEon	measurements:	already	at	NNLO	+	NNLL	

precision:	~5.5%.	
u  Run	I	legacy	measurement	precision:	~3.5%.			 arXiv:1603.02303	



Top	Squark	Pair	ProducEon	
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m !t( ),m !χ1
0( )

m !t( ) ≈ m !χ1
0( )+mt σ tt (and	xbar	spin	correlaEons)	

m !t ; !χ1
0( )∉185−189 GeV

arXiv:1603.02303	
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Improving	UncertainEes	

§  ContribuEons	to	total	uncertainty	spread	over	many	
different	sources	

§  Some	experimental	uncertainEes	will	improve	with	Eme	
u  Lepton	id	and	isolaEon	
u  Jet	energy	scale	
u  …	

§  Theory	uncertainEes	can	parEally	be	tested	and	improved	
with	measurements	
u  HadronizaEon	
u  Top	quark	pT	modelling	
u  …	
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Top	Pair	DifferenEal	Cross	SecEons	
§  Test	QCD	descripEon	of	the	top	quark	(both	as	signal	and	background)	
§  Test	and	tune	new	MCs	(NLO	ME	+	LO	PS	MC)	
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§  DifferenEal	distribuEons	described	reasonably	well.		



The	Top	Quark	pT	
§  LHC	Run	1	“discovery”:	harder	

spectrum	in	LO/NLO+PS	predicEons	
than	in	data.	
§  NNLO+NNLL	à	significantly	bexer	descripEon	

of	top	pT.	
§  First	results	at	13	TeV:	similar	behavior.		
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Lepton+jets	



Jet	MulEplicity	at	√s	=	13	TeV	

§  New	ME	generator	+	PS	codes	in	Run	II	
§  PredicEons	overshoot	the	data	for	jet	large	mulEpliciEes	when	out	

of	the	box	parameters	are	used	(in	Monash-based	tunes)	.		
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§  Low	jet	mulEpliciEes	à	SensiEve	to	Matrix	element	and	matching	to	
parton	shower.		

§  High	jet	mulEpliciEes	à	parton	shower	
§  x+jets	important	background	to	xH.		

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)
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§  Discrepancies	at	high	Njets	à	 	 	
	e.g.	non-opEmal	parton	shower	αs.	

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

dilepton	

dilepton	
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§  InvesEgate	and	improve	xbar	event	modeling.	
§  Charged	parEcle	acEvity	through	Nch,	ΣpTch,	<pTch>	vs	pT(xbar)	and	Njets.	

Underlying	Event	in	xbar	Events	at	√s	=	13	TeV	
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à Not	necessary	to	have	separate	heavy-quark	UE	tunes.	
à UE	is	sensiEve	QCD	scales.		



Boosted	Top	Pair	ProducEon	

§  Measurements	at	parton	and	parEcle	levels.		
§  Best	descripEon	with	MC@NLO+Herwig6.	
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Resolved	topology:	
Each	parton	matched	
to	a	single	jet.	

“fat	jet”,	R=0.8	

Boosted	topology:	
à	Decay	products	collimated	

High	top	pT	or	high	mxbar	

arXiv:1605.00116	

Available	in		
RIVET	



Single	Top	ProducEon	
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Single	Top	Cross	SecEons		
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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	secEon	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	
producEon	modes	
measured	at	Run	I	

§  Latest	ATLAS+CMS	
tW	combinaEon	at	
8	TeV.	



Single	Top	Cross	SecEon	at	√s	=	13	TeV	
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§  Event	selecEon:	1	µ,	2	or	3	jets,	1	or	2	b-
jets.	

§  Signal	from	binned	likelihood	fits	to	MVA	
discriminators	with	nj,	mlνb,	mjb,	mT(W),	…	
in	different	categories.		

σ t−ch. t + t( ) = 227.8± 9.1 stat( )±14.0 exp( )−27.7
+28.7 theo( )± 6.2 lumi( ) pb = 227.8−33.0+33.7 pb

Vtd , Vts << Vtb ,Βr ≅1

→ fV
LVtb =

σ t−ch.

σ
t−ch.

theo. =1.02± 0.07 exp( )± 0.02 theo( )
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7+8	TeV	à	δ|Vtb|=4%	

Result	dominated	by	signal	
modelling	and	QCD	scale	
uncertainEes.		



DifferenEal	Single-Top	t-Channel	at	√s	=	13	TeV	

§  Already	enough	staEsEcs	to	make	differenEal	measurements.		
§  1	e/µ,	1	b-jet,	1	relaEvely	forward	jet,	ETmiss.	
§  Maximum	likelihood	fit	to	mT(W)	for	mT(W)<	50	GeV	and	mulEvariate	

discriminant	for	mT(W)	>	50	GeV.		
u  Observables	in	the	discriminant	selected	to	have	minimum	correlaEon	with	

top	pT	and	Y.		
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Dominant	uncertainEes:	Data	staEsEcs,	QCD	scales,	 	 	 	 	 	
	 	 	 	 	top	quark	mass,	jet	energy	scale	correcEons	



DifferenEal	Single-Top	t-Channel	at	√s	=	13	TeV	

§  First	Run	II	measurement	of	differenEal	single-top	cross	
secEons.	

§  Many	more	and	precise	measurements	to	come.		
25	
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Top	Quark	ProperEes	
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xbar	producEon:	Tops	are	unpolarized	but	heavy	
quark	spins	are	correlated	

27	

Helicity	angle	

xbar	rest	frame	

t	
θℓ
*ℓ+ ℓ+ ℓ−Δφ

Lab	frame	

ℓ+ ℓ−

Top	rest	frame	 anEtop	rest	frame	

ϕ

Angles	with	or	without	top	quark	reconstrucEon:	

Or	a	mulEvariate	method	using	more	informaEon	from	
the	events;	e.g.	Matrix	Element	Method:		

P xi H( ) = 1
σ obs

∫ fPDF q1( ) fPDF q2( )dq1dq2
2π( )4 M y,H( )

2

q1q2s
W x, y( )dΦ6



Top	Quark	PolarizaEon	in	xbar	
Dilepton	Channel	
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Top	Quark	Spin	CorrelaEon	in	Dilepton	
Channel	
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Top	Quark	Spin	CorrelaEon	in	Dilepton	
Channel	
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Top	Quark	Spin	CorrelaEon	in	Dilepton	
Channel	
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Anomalous	Top-Gluon	InteracEon	

§  SM:	dipole	moments	generated	radiaEvely	and	are	very	small.	
§  BSM:	dipole	moment	couplings	can	occur	at	tree	level.	

32	

Anomalous	interacEon	from	a	heavy-parEcle	exchange	(M	>	mt)	:	

Chromo	magneEc	dipole	moment	
CP	conserving	

Chromo	electric	dipole	moment	
CP	violaEng	

−0.053< Re µ̂t( ) < 0.026 @95% C.L.

D = DSM +Re µ̂t( )DNP
PCP−violating = Im d̂t( )PNPCP−violating

−0.068< Im d̂t( ) < 0.067 @95% C.L

PRD	93	(2016)	052007	

Bernreuther	&	Si,		
PLB	725	(2013)	115	
PLB	744	(2015)	413	



			Spin	CorrelaEons	–	Lepton+Jets	Channel	
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P xi H( ) = 1
σ obs

∫ fPDF q1( ) fPDF q2( )dq1dq2
2π( )4 M y,H( )

2

q1q2s
W x, y( )dΦ6

PLB	758	(2016)	321	

→−2 lnλ = −2 ln
P Hnon−SM( )
P HSM( )

f = 0.72± 0.08 stat( )−0.13
+0.15 syst( )

Dominated	by:		
JES,	QCD	scale,	top	quark	mass	

Most	precise	result	in	
	l+jets	to-date	

Hypothesis	tesEng	and	template	fit	results	consistent.	

tt

JHEP	12	(2010)	068	

2.2	SD	agreement	w/	SM	hypothesis.		
2.9	SD	agreement	w/	uncorrelated	hypothesis.	

Leading	order	ME	method	to	calculate	event	likelihoods	for	SM	and	uncorrelated	
hypotheses	(H)	using	MadWeight	



34	SM
SM Spin Correlation Fraction f

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

May 2016

Standard Model

(syst)±(stat) ± SMf

CMS, dilepton

PRL 112 (2014) 182001,
-1=5 fbint=7 TeV, Ls

 0.22± 0.10 ±1.02 

+jetsµATLAS, e/

PRD 90 (2014) 112016,
-1=4.6 fbint=7 TeV, Ls

 0.22± 0.11 ±1.12 

ATLAS, dilepton

PRD 90 (2014) 112016,
-1=4.6 fbint=7 TeV, Ls

 0.18± 0.09 ±1.19 

ATLAS, dilepton

PRL 114 (2015) 142001,
-1=20.3 fbint=8 TeV, Ls

 0.13± 0.05 ±1.20 

+jetsµCMS, 

PLB 758 (2016) 321,
-1=19.6 fbint=8 TeV, Ls

 0.15± 0.08 ±0.72 

CMS, dilepton

PRD 93 (2016) 052007,
-1=19.5 fbint=8 TeV, Ls

 0.11± 0.06 ±1.12 

 Spin Correlation Measurements Summarytt

f ≡ NSM

NSM + Nnon−SM

, fSM =1



Top	Quark	Couplings	
§  xZ	and	xγ	à	Direct	access	to	top-electroweak	couplings.	
§  xW	and	xZ:	important	backgrounds	for	top-Higgs	coupling	

measurements.		
§  xZ/W	and	xγ	measured	and	limits	on	anomalous	couplings,	four-top	

producEon	and	xH	have	been	placed	at	8	TeV.	
§  Run	II:		

u  σ(xZ)@13	TeV	à	~4	x	σ(xZ)@8	TeV		
u  xZ	cross	secEon	from		3-lepton	and	4-lepton	final	states.		
u  Exploit	jet	and	b-jet	mulEpliciEes	to	enhance	the	signal.	
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4-lepton	

σ ttZ =1065−313
+352 stat( )−142

+168 syst( ) fb

TOP-16-009	

Expected	significance:	3.1	SD	
Observed	significance:	3.6	SD	

σ
ttZ

NLO = 839.3−92
+80 scale( )± 25 pdf( )± 25 αs( ) fb



W	Boson	PolarizaEon	
§  Wtb	vertex	à	electroweak	V-A	structure.	
§  W	helicity	fracEons	(FX)	sensiEve	to	the	Wtb	vertex	structure.			
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dσ
d cosθ *

≈
3
8
1− cosθ *( )

2
FL +

3
4
sinθ *( )

2
F0 +

3
8
1+ cosθ *( )

2
FR

Top	quark	decay	to	a	right-handed	W	
boson	is	forbidden	ß	angular	momentum	
conservaEon	(when	mb=0).	

FL~0.3	 FR~0	F0~0.7	

Higher	orders	and	mb≠0	modify	the	helicity	fracEons	by	~2%.	
(at	NNLO	QCD)	

Top	quark	prefers	to	couple	more	to	
longitudinally	polarized	W	bosons.		

d-type	fermion	

W	rest	frame	

t	θℓ
*



W	Boson	PolarizaEon	
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F0 = 0.681± 0.012(stat)± 0.023(syst)
FL = 0.323± 0.008(stat)± 0.014(syst)
FR = −0.004± 0.005(stat)± 0.014(syst)

Most	precise	measurement	of	helicity	fracEons	to	date.		
CMS-PAPER-TOP-13-008,	submiPed	to	PLB	
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Dominant	uncertainEes:	Top	quark	mass	and	QCD	scales.	
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FR F0

SM expectations [PRD81 (2010) 111503]

Uncertainty: total, stat. only

DØ, 5.4 fb

�1
, t¯t ! `(`) + jets

[PRD83 (2011) 032009]

CDF, 2.7 fb�1
, t¯t ! `+ jets

[PRL105 (2010) 042002]

CDF, 5.1 fb�1
, t¯t ! ``+ jets

[PRB722 (2013) 48–54]

Tevatron combination

[PRD85 (2012) 071106]

CDF, 8.7 fb�1
, t¯t ! `+ jets

[PRD87 (2013) 031104]

ATLAS, 35 pb�1
(7TeV), t¯t ! `+ jets

[ATLASCONF-2011-037]

ATLAS, 1.04 fb�1
(7TeV), t¯t ! `(`) + jets

[JHEP06 (2012) 088]

CMS, 2.2 fb�1
(7TeV), t¯t ! µ+ jets

[CMSPASTOP-11-020]

LHC combination, 7TeV

[ATLASCONF-2013-033]

CMS, 5.0 fb�1
(7TeV), t¯t ! `+ jets

[JHEP10 (2013) 167]

CMS, 4.6 fb�1
(7TeV), t¯t ! ``+ jets

[CMSPASTOP-12-015]

CMS, 19.7 fb�1
(8TeV), single top

[JHEP01 (2015) 053]

CMS, 19.7 fb�1
(8TeV), t¯t ! ``+ jets

[CMSPASTOP-14-017]

CMS, 19.6 fb�1
(8TeV), t¯t ! `+ jets

[submitted to PLB]
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Andreas	Meyer	



W	Boson	PolarizaEon	
§  Wtb:	magnitude	determined	by	|Vtb|.	
§  BSM	contribuEons	to	Wtb	vertex	modify	helicity	fracEons.		
§  In	the	effecEve	operaEve	framework:	

39	

SM : VL =Vtb ≈1
VR = gL = gR = 0
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Flavor	Changing	Neutral	Currents	
§  SM:	Forbidden	at	tree	level	
§  Suppressed	at	higher	orders	due	to	GIM	

mechanism.	
§  Occurs	only	at	the	level	of	loop	

correcEons	with	ℬ(tàXq)~10-15-10-10%	
§  BSM	ℬ(tàXq)~10-7-10-1%	
§  Measurements~10-2-1%	
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Z,γ,g,H	

u,c	

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

CMS Preliminary, 8 TeV              March 2016

Phys.Rev.Lett 112 (2014) 171802

 Z q)→, Br(ttt

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±§  No	sign	of	FCNC	in	xbar	and	single	top		

§  Measurements	staEsEcs	dominated.		



FCNC	vs	Data	in	Some	ParEcular	Models		
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CP	ViolaEon	in	xbar	ProducEon	

§  Search	for	an	anomalous	top-gluon	coupling	using	T-odd	
observables	à	CP(Oi)=-Oi.	

42	

ACP Oi( ) =
N Oi > 0( )− N Oi < 0( )
N Oi > 0( )+ N Oi < 0( )CP	violaEon	à	≠0	asymmetry	in		

Anomalous	couplings	can	give	rise	to	asymmetries	up	to	~7-8%.	

Hayreter	&	Valencia	
PRD	93	(2016)	014020	

e.g.	



CP	ViolaEon	in	xbar	ProducEon	
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à No	evidence	for	CP	violaEon	in	xbar.	
à Measurement	dominated	by	staEsEcal	uncertainEes.		

TOP-16-001	



Top	Quark	Mass	
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Direct	Top	Quark	Mass	Measurements	

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

§  Precision	0.3%	
§  Dominant	systemaEc	
uncertainEes:	flavor-
dependent	JEC	and	b	
jet	modeling.	

45	

arXiv:1509.04044	



Improving	Top	Mass	Measurements	

§  Major	uncertainEes	
u  b	hadronizaEon	modelling	(and	effect	on	
jet	energy	scale)	

u  Modelling	of	hard	scaxering	
u  Jet	energy	calibraEon	and	pile-up.		

46	

à 	Dedicated	measurements	and	theory	studies	to	improve	modelling.	
à 	AlternaEve	measurements	displaying	different	aspects	of	
systemaEcs		

à 	Use	observables	with	a	well-defined	mass	definiEon	in	pQCD:	
σ(xbar),	m(lb),	m(x,jet),	…	

à 	And	alternaEve	topologies.		



(non-)perturbaEve	effects	that	have	different	
kinemaEc	dependences?	

§  Study	8	variables	sensiEve	to	color	reconnecEons,	ISR/FSR,	b-quark	kinemaEcs.	
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à  No	indicaEon	of	a	kinemaEc	bias.	
à  StaEsEcs	not	yet	enough	to	constrain		
further	some	of	the	alternate	Pbar	models.		

Measurement	calibrated	in	each	bin	–		
Average	from	the	inclusive	measurement.		



Recent	AlternaEve	Top	Quark	Mass	Measurements	
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Minimal	experimental	uncertainEes.	
Large	dependence	on	fragmentaEon	modeling.		
	Msvtx	mass:	

b	fragmentaEon	

mt =173.68

±0.20 stat( )−0.97
+1.58 syst( ) GeV

Invariant	mass	of	the	secondary	
vertex	w/	>=	3	tracks	+	lepton.		



Recent	AlternaEve	Top	Quark	Mass	Measurements	
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Minimal	experimental	uncertainEes.	
Large	dependence	on	fragmentaEon	modeling.		
	 J/Ψ+lepton	mass:	

Result	staEsEcally	limited	
Msvtx	mass:	
b	fragmentaEon	

mt =173.68

±0.20 stat( )−0.97
+1.58 syst( ) GeV

Invariant	mass	of	the	secondary	
vertex	w/	>=	3	tracks	+	lepton.		 J/Ψ+lepton	mass	



Recent	AlternaEve	Top	Quark	Mass	Measurements	
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Minimal	experimental	uncertainEes.	
Large	dependence	on	fragmentaEon	modeling.		
	 J/Ψ+lepton	mass:	

Result	staEsEcally	limited	
Msvtx	mass:	
b	fragmentaEon	

TOP-15-001	

AlternaEve	event	topology	
ParEally	uncorrelated	systemaEcs	
Different	color	flowà	check	for	
“unknown”	syst.		

mt =173.68

±0.20 stat( )−0.97
+1.58 syst( ) GeV

mt =172.60

±0.77 stat( )−0.93
+0.97

Invariant	mass	of	the	secondary	
vertex	w/	>=	3	tracks	+	lepton.		 J/Ψ+lepton	mass	 Mlνb	in	single	top	topology	



Top	Quark	Pole	Mass	Measurements	
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à Compare	unfolded	distribuEon	to	NLO	
predicEons	(POWHEG+PYTHIA8).	

dilepton	

à Dominated	by	scale	uncertainEes.	

arXiv:1603.02303	

à Dominant	uncertainEes:	
						Luminosity,	beam	energy	

à	No	MC	calibraEon	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

σP	vs	mt
pole	from	NNLO+NNLL	predicEon	with	

different	PDF	sets	with	a	fixed	αs	
Invariant	mass	of	P+jet	system	



Summary	of	AlternaEve	(Indirect)	Top	
Mass	Measurements	

§  So	far,	all	the	top	mass	definiEons	
tested	with	CMS	data	look	
consistent	within	uncertainEes	
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.	

52	
 [GeV]tm

160 170 180 1900

5

10

 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	parEcles	searches.		

§  Most	CMS	Run	I	measurements	dominated	by	
systemaEc	uncertainEes.		
u  σx	<	4%	bexer	than	NNLO	accuracy	
u  mt	with	~500	MeV	precision.		
u  Precise	properEes	measurements	and	constraints	on	
anomalous	couplings.		

§  So	far,	all	results	in	agreement	with	SM	
predicEons.		
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CMS	Run	II	

	
§  Top	rediscovered	with	13	TeV	data.		
§  Inclusive	ttbar	cross	secEon	already	at	NNLO	precision.		
§  Single	top	t-channel	precisely	established.	
§  In	both	cases	starEng	to	probe	differenEal	spectra	to	

understand	new	MCs	
§  Evidence	for	xZ	at	13	TeV.		
§  Looking	forward	to	establishing	couplings	to	all	bosons	in	Run	II.		
§  Direct	or	indirect	indicaEons	of	new	physics?		
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hxp://cms-results.web.cern.ch/cms-results/public-
results/publicaEons/TOP/index.html	



Bonus	
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xbar	Charge	Asymmetry	
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, PRL110 (2013) 02203-1CMS tW, 7 TeV, 4.9 fb
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 0.160+ 1.010

, PRL 112 (2014) 231802-1CMS tW, 8 TeV, 12.2 fb
 0.040(th)± 0.120(exp) ±1.030 

, JHEP12 (2012) 035-1CMS t-ch., 7 TeV, 1.17/1.56 fb
 0.017(th)± 0.046(exp) ±1.029 

, JHEP06 (2014) 090-1CMS t-ch., 8 TeV, 19.7 fb
 0.016(th)± 0.045(exp) ±0.979 

CMS t-ch., 7 and 8 TeV combined, JHEP06 (2014) 090
 0.016(th)± 0.038(exp) ±0.998 

, PLB 736 (2014) 33-1, 8 TeV, 19.7 fbb RtCMS t
syst)+ 0.016(stat±1.007 



Top	PolarizaEon	in	Single	Top	ProducEon	

§  Single	tops	are	produced	le�-handed	polarized	in	SM	(V-A	coupling)	
u  BSM	parEcles	or	interacEons	can	modify	the	top	polarizaEon	to	be	<	100%.	

§  Signal	and	background	are	extracted	by	a	boosted	decision	tree	(BDT)	fit	
to	the	data.		

§  Unfolding	to	parton-level.		
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6 CompHEP + Pythia
Unfolded data
    Stat.      Total

Aℓ ≡
1
2
⋅Pt ⋅αl =

N ↑( )− N ↓( )
N ↑( )+ N ↓( )

Aµ t + t( ) = 0.26± 0.03 stat( )± 0.10 syst( )
ASM = 0.44 2σ	away	from	SM	predicEon.		

arXiv:1511.02138	

Dominant	uncertainEes:	W+jets	modelling,	QCD	scales	


