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Top	Quark	(through	the	
six-quark	model)	Predicted	
in	1973	
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§  b-quark	discovered	(‘77)	and	its	iso-spin	is	
measured.	

§  To	complete	the	third	generaPon	à	the	weak	
isospin	partner	of	the	b-quark.	

Standard	Model	in	1978	
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Weak	Isospin	of	b	Quark	and	its	Partner	

Schaile,	Zerwas	1992,	PRD	45,	3262		
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All	measurements	meet	at:	
[I3L,	I3R]	=	[-1/2,0]	
à Isospin	partner	with		
[I3L,	I3R]	=	[+1/2,0]	should	exist.		
	

Γ Z→ bb( ) = GFMZ
3

2 2π
Vb
2 + Ab

2( )

Và	vector	coupling	
A	à	Axial	coupling	
	
If	Ve,	Ae	known	
à Extract	couplings	of	the	b-quark	using	AFB		
and	Γ	measurements.	

AFB
mZ b( ) = 3

4
2VeAe
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2VbAb
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Quantum	FluctuaPons	Seeing	Invisible	
ParPcles	
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•  Heisenberg	uncertainty	principle	implies	
–  ParPcles	can	be	created	from	nothing	(for	a	short	period	of	Pme)	w/o	
the	necessary	energy	supply	(virtual	or	off-mass-shell	parPcle).		

•  Tree	level	SM	processes	modified	by	radiaPve	correcPons.		
•  Indirect	effect	of	the	top	quark	(and	Higgs)	observable		

–  even	if	the	collider	energy	is	not	sufficient	to	create	the	real	parPcle.		
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Top	Quark’s	Effect	at	

LEP	CollaboraKons	CERN-PPE/95-172	

s ≈100 GeV <mt

...	

mt =173−10
+13GeV

One	of	the	most	criPcal	tests	of	the	
standard	model!		

…	

m
t	[
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LEP	1	predicPon:	



§  Indirect	measurements	showed	the	existence	of	the	top	
quark	and	predicted	its	mass	precisely	before	it	was	
discovered.		
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hq
p://project-gfiq
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er/History/		



The	Discovery	of	the	Top	Quark	at	the	Tevatron	
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tt →W +bW −bSignal	consistent	with	
and	inconsistent	w/	the	background	predicPon.		

CDF,	PRL	74,	2626	(1995)	

σ
tt

CDF s =1.8 TeV( ) = 6.8−2.4+3.6 pb

mt
CDF =176±8(stat.)±10(syst.) GeV

with	O(10)	events.		
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Circles:		
Before	b-tagging	

Decay	lifePme	of	secondary	vertex	tags	
for	W+>=3	jet	events.		
à Consistent	with	the	predicPon	for	b	
decays	from	qbar	simulaPon.		

W+>=4	jet	

Dashed:	
Background+	qbar	simulaPon	



The	Discovery	of	the	Top	Quark	at	the	Tevatron	
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tt →W +bW −b
Signal	consistent	with	

and	inconsistent	w/	the		
background	predicPon.		

D0,	PRL	74,	2632	(1995)	

σ
tt

D0 s =1.8 TeV( ) = 6.4± 2.2pb
mt

D0 =199−21
+19 (stat.)± 22(syst.) GeV

with	O(10)	events.		

Standard		
selecPon	

Loose		
selecPon	



10	Quadt,	EPJC	48,	835		(2006)	

The	Top	Quark	
•  The	most	massive	parPcle	known	to	date	(mt∼173	GeV).	



Quantum	FluctuaPons	à	Higgs	Boson		
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Propagator	for	fermions	α	1/q		
(Dirac	equaPon)	

Propagator	for	boson	α	1/q2		
(Klein-Gordon	equaPon)	

MW
2 = ρ MW

tree−level( )
2

Δρ = ρ −1( )∝mt
2 Δρ∝ ln mH( )

ρ =1+Δρt +ΔρHw/	 Veltman,		
NPB	123,	89	(1977)	

e.g.		 HW:	Read	the		
Nobel	lectures	of		
‘t	Hoo[		and	
Veltman		(1999)	

Δρt ~GFmt
2

ΔρH ~GFmW
2 logmH

2

mW
2



Precision	Measurements	of	Top	and	W	à	Higgs	
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mH = 94−22
+25GeVElectroweak	fit	before		

Higgs	discovery:	 consistent	with	measured	mH	within	1.3σ.	

Quantum	fluctuaPons	showed	the	existence	of	the	Higgs	boson	and	predicted	its	
mass	precisely	before	it	was	discovered.		

The	Gfiqer	Group,	M.	Baak	et	al.,	EPJC	72,	2205	(2012)	 hqp://project-gfiqer.web.cern.ch/project-gfiqer/History/		

The	most	criPcal	test	of	the	standard	model!		



Top	Quark	Yukawa	Coupling	
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yt =
2mt

v
≅1

f

f

H

The	largest	among	the	fermions	–	special	role	in	electroweak	
symmetry	breaking?		

	
à	Top-Higgs	boson	coupling	hasn’t	been	directly	
measured	yet.		



Top	–	Higgs	Coupling	
Test	fermion	mass	generaPon	

14	
Indirect	 direct	

ttH

Four-top	



Top	Quark	ProperPes	

§  Top	quark	has	a	very	short	lifePme		
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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	properPes	“directly”	accessible	(mass,	Vtb,	spin,	
charge,	yt,	…)	

ΛQCD:		
à  scale	for	which	αs	

becomes	very	strong	
à  	~1	fm	scale	of	a	

hadron	(proton	
radius) 		
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hq
p://pdg.lbl.gov/2015/tables/contents_tables.htm

l		

/γ	

+	Cross	secPons,	asymmetries,		
spin	correlaPon,	…	

Top	ProperPes	



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

8TeV

§  SensiPve	to	PDFs,	αs,	mt	

§  Backgrounds	to	Higgs	and	
many	new	physics	searches	



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

8TeV

mt >mW



Electroweak	single	top	producPon	
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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	

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

§  Backgrounds	to	Higgs	and	many	searches	



Top	Quark	Signatures	and	Backgrounds	

§  Lepton+jets	channel	
u  A	high	pT	lepton	
u  ≥	4	high	pT	jets	(2	of	which	
are	jets	from	b-decays)	

u  Missing	transverse	energy	
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§ Main	backgrounds:	
u  q	other,	Single	top,	W+jets	



Top	Quark	Signatures	and	Backgrounds	

§  Dilepton	channel	
u  Two	high	pT	leptons	
u  ≥	2	high	pT	jets	(2	of	which	
are	from	b-decays)	

u  Missing	transverse	energy	
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§  Main	backgrounds:	
u  q	other	
u  Single	top	
u  W/Z+jets	

ℓ−
ν

à	Fever	number	of	events	
à 	But	purer	
à 	Best	channel:	eµ	



Top	Quark	Signatures	and	Backgrounds	

§  All-hadronic	channel	
u  ≥	6	high	pT	jets	(2	of	which	
are	from	b-decays)	
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§ Main	backgrounds:	
u  QCD	mulPjets	

q

à Possible	to	fully	reconstruct	
the	event	(i.e.	no	neutrinos)	

à But	larger	uncertainPes	
compared	to	other	channels	
due	to	mulPple	jets	
à Jet	energy	scale	and	b-

tagging.		

q



~Plan	for	the	Lectures	

§  Top	quark	producPon	and	Event	Modelling	
§  Boosted	top	
§  QuesPons	&	Break	
§  Top	quark	mass	measurements	
§  Asymmetry	measurements	
§  qbar	spin	CorrelaPon	
§  Top	quark	couplings	
§  QuesPons		
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Example	results/plots	taken	from	top	quark	public	pages	of	Tevatron	and		
LHC	experiments	(experimental	view	and	most	examples	from	CMS):	
	
ATLAS:	hqps://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults		
CMS:	hqps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP		
CDF:	hqp://www-cdf.fnal.gov/physics/new/top/top.html		
D0:	hqp://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/		



Cross	secPon	ExtracPon	
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σ =
Nobs − Nbkg

A×ε( )×B× L

Total	Inclusive	cross	secPon	
à	count	signal	events:	

A:	Acceptance	(depends	on	PDF,	and	other	modeling	
uncertainPes,	e.g.	renormalizaPon	and	factorizaPon	
scales)	
ε:	SelecPon	efficiency	for	events	in	acceptance	
(affected	by	the	errors	in	triggers	and	reconstrucPon)	
L:	Integrated	luminosity	
B:	Branching	raPo	



Cross	secPon	ExtracPon	
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σ =
Nobs − Nbkg

A×ε( )×B× L

1
σ
dσ i

dX
=
1
σ

Rij
−1

j∑ Nobs, j − Nbkg, j
#$ %&

Δi
X A×ε( )i

Total	Inclusive	cross	secPon	
à	count	signal	events:	

DifferenPal	cross	secPons:	
“Unfolded”	to	correct	for	detector	
effects	(bin-to-bin	migraKon)	and	
acceptance		
à	To	parKcle	or	parton	level	
à	In	full	or	fiducial	phase	space	

Bin	width	

Response	matrix	A:	Acceptance	(depends	on	PDF,	and	other	modeling	
uncertainPes,	e.g.	renormalizaPon	and	factorizaPon	
scales)	
ε:	SelecPon	efficiency	for	events	in	acceptance	
(affected	by	the	errors	in	triggers	and	reconstrucPon)	
L:	Integrated	luminosity	
B:	Branching	raPo	



Top	Pair	Cross	SecPon	at	√s	=	13	TeV	in	the	eµ	Channel	

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

26	
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σ tt mt =172.5 GeV( ) = 793±8 stat( )±38 syst( )± 21 lumi( ) pb

TOP-16-005	

à Consistent	with	NNLO+NNLL	predicPon	and	other	measurements	from	ATLAS	and	CMS.	
à Already	dominated	by	systemaPc	uncertainPes:	

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



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

precision.	
u  Run	I	legacy	measurement	precision:	~3.5%.			 arXiv:1603.02303	
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Top	Squark	Pair	ProducPon	
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m !t( ),m !χ1
0( )

m !t( ) ≈ m !χ1
0( )+mt σ tt (and	qbar	spin	correlaPons)	

m !t ; !χ1
0( )∉185−189 GeV

arXiv:1603.02303	
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1
0
χ∼ t →t~ production,  t~-t~

-1SUS-13-023 0-lep (2 body decays) 18.9 fb
-1SUS-14-001 0-lep (2 body decays) 19.4 fb

-1SUS-13-011 1-lep (2 and 3 body decays) 19.5 fb
-1SUS-14-015 1,2-lep (2 and 3 body decays) 19.5 fb

-1SUS-14-011 0-lep (Razor) + 1-lep (MVA) 19.5 fb
-1SUS-14-011 0,1,2-lep (Razor) 19.3 fb

-1) 19.7 fb
1
0
χ∼ c →t~SUS-14-001 Monojet (

-1SUS-14-021 1-lep (4 body decays) 19.7 fb
-1SUS-14-021 2-lep (4 body decays) 19.7 fb

Observed
Expected

t
 = 

m
1

0
χ∼

 - mt~m

m !t ; !χ1
0 =1 GeV( ) >189 GeV

more	sensiPve	than	standard	SUSY	searches		
for	low		

Simplified	model	with	two	parameters:		

m !χ1
0( ) and	 m !t( ) ≈ mt



Single	Top	Cross	SecPons	–	Current	Status		
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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	secPon	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)	

§  All	single	top	
quark	producPon	
modes	measured	
at	Run	I.	



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

§  Signal	from	binned	likelihood	fits	to	MVA	
discriminators	with	ηj,	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( )

MVA output
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M.	Aliev	et	al.	arXiv:1007.1327	

TOP-16-003	

7+8	TeV	à	δ|Vtb|=4%	

Result	dominated	by	signal	
modelling	and	QCD	scale	
uncertainPes.		
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(Top	Quark)	Event	Modeling	

Proton	Proton	

Gleisberg	et	al.	JHEP02	(2004)	056	

Underlying	event/	
Mul2-parton	interac2ons	

Hard	process		

Fragmenta2on/	
Parton	shower	

	
decay	(of	unstable	
par2cles).		

Hadroniza2on		



(Top	Quark)	Event	Modeling	
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P	
	
P/P	

q	
	
q	

Lepton	
neutrino

b	
b	
u	
d	

Lepton	
Neutrino	
Gen-Jet	
Gen-jet	
Gen-Jet	
Gen-jet	

Lepton	
MET	
Jet	
Jet	
Jet	
Jet	

Proton/	
(anP-)proton	

Colliding	
partons	 Final	state	

Stable		
parPcles	

Measured	
event	

PDF	

Processes	
	
q	
…	
	

detector	HadronizaPon	
	

showering	

σ pp→tt s,mt( ) = dx1 dx2∫ fi
pdf x1,µ f

2( ) f jpdf x2,µ f
2( )σ̂ ij→tt ŝ,mt,µ f ,µr,αs µr( )( )

i, j=partons
∑



Top	Quark	Event	Modeling	
σ pp→tt s,mt( ) = dx1 dx2∫ fi

pdf x1,µ f
2( ) f jpdf x2,µ f

2( )σ̂ ij→tt ŝ,mt,µ f ,µr,αs µr( )( )
i, j=partons
∑
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µ f ~Q ~ ŝ ~ x1x2s

PDFs x,µ f
2( )⊗ σ̂ ŝ,mt,µ f ,µr,αs µr( )( )factorizaPonè		

à	inputs:	mt,	αs,	
and	PDFs		

(Q:	energy	scale	of	the	hard	process)	

PerturbaKve	in	αs		Non-perturbaKve	

⊕ showering/	
&	hadronizaPon	

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)(–)

pTparton	<	µF		 pTparton	>	µF		



Nucleon	Structure	

34	

sea	quarks		
dominate.	

The	quark	sea:	
~	Valence	quarks	emit	gluons	
that	in	turn	split	into	quark-
anPquark	pairs.	

determine	the	quantum	
numbers	of	the	hadron.	

PDF	sets.	

Valence	quarks		
dominate.	

§  Hadron	collider	=	parton	collider	
§  fi(x,Q2)	probability	to	find	a	parton	to	carry	the	fracPon	x	of	

the	longitudinal	hadron	momentum	at	the	energy	scale	Q2.		
u  Intrinsic	property	of	the	nucleon	à	process	independent.		
u  Parametrized	by	PDF	sets.		



Hard	Process	
§  CalculaPon	in	perturbaPve	QCD	

u  LO	à	LO	ME	+	RadiaPon	from	parton	shower.		
u  MulP-leg	LO	à	LO	+	AddiPonal	partons	in	the	hard	process	but	
no	loops	+	radiaPon	from	parton	shower.			

u  NLO	à	LO	+	AddiPonal	partons	in	the	hard	process	including	
loops	(+	parton	shower).		

35	

NLO	and	mulK-leg	LO	need	matching/merging	to	the		
parton	shower.		



Unfolding	
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parton/parPcle		
level	

reconstructed	
level	



Unfolding	
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detector	HadronizaPon	
	

showering	

(non-diagonal)		
bin	migraPon	matrix	

selecPon	efficiency		
à	diagonal	matrix	

The	goal	is	to	compare	to	
theory	predicPons	(at	the	
parPcle/parton	level).		

e.g.,	CMS-PAS-TOP-12-033	

Commonly	used	
unfolding	methods:	
iteraPve	D’AgosPni,	SVD	

e.g.	semileptonic	qbar		



Top	Pair	DifferenPal	Cross	SecPons	
§  Test	QCD	descripPon	of	the	top	quark	(both	as	signal	and	background)	
§  Test	and	tune	new	MCs	(NLO	ME	+	LO	PS	MC)	
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§  DifferenPal	distribuPons	described	reasonably	well.		



The	Top	Quark	pT	
§  LHC	Run	1	“discovery”:	harder	spectrum	in	LO/NLO+PS	
predicPons	than	in	data.	
§  NNLO+NNLL	à	significantly	beqer	descripPon	of	top	pT.	

§  First	results	at	13	TeV:	similar	behavior.		
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Jet	MulPplicity	at	√s	=	13	TeV	

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

of	the	box	parameters	are	used	(in	Monash-based	tunes).	
§  First	fix:	αs

shower		
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§  Low	jet	mulPpliciPes	à	SensiPve	to	Matrix	element	and	matching	to	
parton	shower.		

§  High	jet	mulPpliciPes	à	parton	shower	
§  q+jets	important	background	to	qH.		
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Boosted	Top	Pair	ProducPon	

§  Measurements	at	parton	and	parPcle	levels.		
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QUESTIONS	
&	

BREAK	
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Top	Mass	Measurements	

§  Basic	methods	
u  Full	invariant	mass	
reconstrucPon	à	The	most	
powerful	and	standard	

u  ParPal	reconstrucPon	using	a	
variable	correlated	to	top	mass	
à	less	powerful	but	different	
systemaPc	uncertainPes	

u  Indirect	measurement	through	
q	and	q+jet	cross	secPons,	…	
à	top	quark	pole	mass	
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Full	Mass	ReconstrucPon	
§  General	features:	

u  Assign	each	jet	to	a	top	decay	product	
(constrained	kinemaPc	fits)	

u  Fit	to	templates	
u  CalibraPon	of	the	method	based	on	mt

MC	
=mt

meas		
u  DeterminaPon	of	mt

MC	(and	JES	
simultaneously)	from	data.		
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Main	challenge:	Jet	reconstrucKon,	Jet	energy	
scale	uncertainKes,	modeling.		

è JES	calibraPon	with	dijet	
and	γ/Z+jet	events	à	
~1-3%	

è <1%	when	complemented	
with	in-situ	JES	calibraPon.	



E.g.	Full	Mass	reconstrucPon:	The	Ideogram	Method	

45	

§  Template	method	with	mulPple	permutaPons	(correct,	wrong,	unmatched)	per	event.		
§  All	different	permutaPons	taken	into	account.	
§  KinemaPc	fit	à	improve	mass	reconstrucPon.		

 [GeV]reco
Wm

0 50 100 150 200 250 300D
a

ta
/M

C

0.5

1

1.5

 P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

5000

10000

15000

20000

25000

30000

35000

40000

45000
 correcttt
 wrongtt

 unmatchedtt
Data

Single t
W+jets
Z+jets
QCD multijet
Diboson

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

Before kinematic fit

 [GeV]reco
Wm

0 50 100 150 200 250 300D
a

ta
/M

C

0.5

1

1.5

 P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

5000

10000

15000

20000

25000
 correcttt
 wrongtt

 unmatchedtt
Data

Single t
W+jets
Z+jets
QCD multijet
Diboson

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

 selection
gof

After P

 [GeV]tm

172 172.5

JS
F

1

1.001

1.002

1.003

1.004

1.005

1.006

1.007

1.008 2D

Hybrid

1D

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

 [GeV]fit
tm

100 200 300 400D
a

ta
/M

C

0.5

1

1.5

 P
e

rm
u

ta
tio

n
s 

/ 
5

 G
e

V

2000

4000

6000

8000

10000

12000
 correcttt
 wrongtt

 unmatchedtt
Data

Single t
W+jets
Z+jets
QCD multijet
Diboson

 (8 TeV)-1Lepton+jets, 19.7 fbCMS

 selection
gof

After P

arXiv:	1509.04044	



Summary	of	Top	Mass	Measurements	using	full	Mass	
reconstrucPon	

46	 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHCtopWG

shown below the line
(*) Superseded by results

Sep 2015
World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

    Ref.s                                syst) ± total (stat ± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

)l+jets, dil.
Mar 2015(ATLAS comb.  7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99 

CMS, l+jets 8 TeV  [11] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [11] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [11] 0.59)± 0.64 (0.25 ±172.32 
CMS comb. (Sep 2015) 7+8 TeV  [11] 0.47)± 0.48 (0.13 ±172.44 

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330

[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158

[4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055

[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022

§  Precision	0.3%	~	2ΛQCD	
§  Dominant	systemaPc	

uncertainPes:	flavor-
dependent	JEC	and	b	
jet	modeling.	



(non-)perturbaPve	effects	that	have	different	
kinemaPc	dependences?	

§  Study	observables	sensiPve	to	color	reconnecPons,	ISR/FSR,	b-quark	kinemaPcs.	
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à  No	indicaKon	of	a	kinemaKc	bias.	
à  StaKsKcs	not	yet	enough	to	constrain		
further	some	of	the	alternate	mbar	models.		

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



Top	Quark	Mass	-	DefiniPons	
§  Free	quarks	not	observable	(confining	property	of	QCD)		
§  All	quarks	except	the	top	quark	hadronize	à	Top	quark	
mass	theorePcal	framework	dependent.		

§  Two	common	definiPons:	
u  Pole	mass	(See	e.g.	arXiv:9612329)	

•  PerturbaPvely	defined	
•  PosiPon	of	the	pole	in	the	renormalized	quark	propagator	
•  “intuiPve	mass”	(directly	related	to	the	producPon	rate	of	qbar	pairs)	
•  Suffers	from	ambiguiPes	due	to	non-perturbaPve	correcPons.		
•  Ambiguity	of	~ΛQCD	

u  “Running	(or	short	distance	mass)	mass”	(mt
MSbar)		

•  RenormalizaPon	scale	dependent.		

48	

The	two	definiKons	can	be	related	analyKcally	with	an	uncertainty	<~ΛQCD	

e.g.	see	Marquard	et	al.	PRL	114	(2015)	142002	

p2 =mt − iΓt 2



Top	Quark	Mass	DefiniPons	

49	

u  Monte	Carlo	Mass	
•  No	straigh�orward	definiPon	in	standard	top	mass	measurements		
•  Direct	top	quark	measurements	rely	on	the	complicated	relaPon	
between	the	experimental	observable	and	mt.	

•  MEs	at	fixed	order	(LO	or	NLO)	QCD	+	higher	orders	by	parton	
showers	

mt
MC ≠mt

pole ≠mt
MS ≠mt

XX

 [GeV]tm
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2

4

6

8  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-3.20 +3.40172.80 ), 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-0.76 +0.76173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427, standard measurements

May 2016Top-quark pole mass measurements

§  With	the	current	precision,	
top-quark	pole	mass	
measurements	consistent	
with	the	standard	
measurements.		



Recent	AlternaPve	Top	Quark	Mass	Measurements	
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Recent	AlternaPve	Top	Quark	Mass	Measurements	
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Recent	AlternaPve	Top	Quark	Mass	Measurements	
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Large	dependence	on	fragmentaPon	modeling.		
	 J/Ψ+lepton	mass:	

Result	staPsPcally	limited	
Msvtx	mass:	
b	fragmentaPon	

TOP-15-001	

AlternaPve	event	topology	
ParPally	uncorrelated	systemaPcs	
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	from	qbar	ProducPon	Cross	
SecPon:	Fix	αs(mZ)	and	PDF	à	Determine	mt

pole		

§  Full	phase	space	cross	secPons	at	parton	level	with	full	Run-I	data	at	7	and	8	TeV	
in	the	most	precise	channel	(eµ).		

§  Minimize	theory	x	experimental	likelihoods.		

53	
Dominant	uncertainPes:	
Luminosity,	beam	energy	

arXiv:1603.02303	 Dependence	due	to	efficiency	and	
acceptance	depending	weakly	on	mt.	

σ =
Nobs − Nbkg

A×ε( )×B× L
Recall:	

It	is	harder	to	produce	heavier	parPcles.		

σ pp→tt s,mt( ) = dx1 dx2∫ fi
pdf x1,µ f

2( ) f jpdf x2,µ f
2( )σ̂ ij→tt ŝ,mt,µ f ,µr,αs µr( )( )

i, j=partons
∑



The	Top	Quark	Mass	and	the	Electroweak	Vacuum	

54	
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.		

when	

Planck	scale	

v:	electroweak	
minimum	
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Asymmetries	at	Hadron	Colliders	

PP collider	 PP collider	
Parity	à	changes	the	direcPon	of		
proton	and	anP-proton	
Charge	à	changes	the	direcPon	of		
proton	and	anP-proton	
	
CP	symmetric	
not	C	and	P	symmetric	separately	

Parity	à	changes	nothing	
Charge	à	Makes	LHC	an	anP-proton	
collider.		
	
Not	CP	symmetric	
not	C	symmetric	but	P	symmetric.	
	

σ total =σ total

σ total ≠σ total

CERN	
LHC	
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Asymmetries	at	Hadron	Colliders	

PP collider	(Tevatron)	

Parity	asymmetric	

p	beam	

θ

Allows	the	definiPon	of	a	
forward	(backward)	hemisphere	
based	on	the	P	direcPon.	

F	B	

PP collider	(LHC)	

p	beam	

θ

F?	B?	

θ
p	beam	

Parity	symmetric	

p	beam	

Does	not	allow	the	definiPon	of	a	
forward	(backward)	hemisphere	based	
on	the	P	direcPon,	unless	we	consider	
the	Parton	DistribuPon	FuncPons	(PDFs.)	



Asymmetry	from	Interference	-	q	

§  No	asymmetry	at	LO	
§  No	asymmetry	from	gluon	

fusion	
§  At	NLO:	Interferences	

between	qq	diagrams	

57	

Interference:	tree-level	+	box	diagrams		
(posiPve	asymmetry)	

Interference:	ISR+FSR	
(negaPve	asymmetry)	

+	

+	

2	

2	
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§  Significant	(~25%)	
contribuPons	from	
QCD-electroweak	
interference	terms.		

Kuhn	&	Rodrigo,		
PRD	59	(1999)	054017	

Hollik	&	Pagani	
PRD	84	(2011)	093003	

Asymmetry	from	Interference	-	q	

§  Only	small	contribuPons	
from	quark-gluon	scaqering	



Asymmetry	from	Interference	-	q	
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Tevatron:	annihilaPon	of	
two	valence	quarks	(PDF	
symmetric).	

LHC:	annihilaPon	of	one	valence	and	a	
sea	anP-quark	(PDF	asymmetric)	and	
moreover	gluon	fusion	dominates.		

	à	much	smaller	asymmetry.	 On	average,	P(valence	quark)	>	P(sea	anP-quark)		
à	top	quark	rapidity	broader	than	the	anP-quark	
rapidity					

Forward-backward	asymmetry	(AFB)	

Charge	asymmetry	(AC)	

à any	large	asymmetry	will	indicate	
the	existence	of	new	physics.		

y	

y	



Asymmetry	from	Interference	-	q	
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Forward-backward	asymmetry	(AFB)	

Charge	asymmetry	(AC)	

y	

y	

AFB =
N Δy > 0( )− N Δy < 0( )
N Δy > 0( )+ N Δy < 0( )

, Δy = yt − yt

AFB =
N Δ y > 0( )− N Δ y < 0( )
N Δ y > 0( )+ N Δ y < 0( )

, Δ y = yt − yt



q	Asymmetry	at	the	Tevatron:	DeviaPons	from	SM	
First	Reported	in	2009	by	CDF	and	D0	

61	

arXiv:1211.1003	
PRD	87,	092002	(2013)	

Inclusive	AFB:	~2σ	deviaPon	
	AFB(mq>450	GeV):	~3σ		

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FBA

0

0.2

0.4

0.6

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FBA

0

0.2

0.4

0.6

-1CDF Data, 9.4 fb
-1)2 (GeV/c-410× 4.8)± = (15.5 

ttMα

 Predictiontt
-1)2 (GeV/c-410× 1.2)± = (3.4 

ttMα

§  StaPsPcal	fluctuaPon?		
u  results	dominated	by	staPsPcal	uncertainPes	

§  Missing	theory	effect?		
u  calculaPons	were	only	at	the	lowest	order	

§  Mistake	in	the	measurement	method?		
§  Missing	uncertainPes?		
	

è	If	none,		
may	be	new	physics?	
	
(but	>	100	papers	with		
New	physics	interpretaPon)	
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Czakon,	Fiedler,	Mitov	
PRL	115	(2015)	052001	

q	Asymmetry	at	the	Tevatron	@	2015	



§  bb	asymmetry	measurements	consistent	with	
LO	predicPons	(LHCb	arXiv:1406.4789).		
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q	Asymmetry	at	the	Tevatron	and	LHC	
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§ M	>~450	GeV,	Ac	~2σ	below	predicPons	from	
EFT	with	new	physics	scale	of	1.5	TeV.	

arXiv:1507.03119	

q	Asymmetry	at	the	LHC	



qbar	producPon:	Tops	are	unpolarized	but	heavy	
quark	spins	are	correlated	

65	

Helicity	angle	

qbar	rest	frame	

t	
θℓ
*ℓ+ ℓ+ ℓ−Δφ

Lab	frame	

ℓ+ ℓ−

Top	rest	frame	 anPtop	rest	frame	

ϕ

Angles	with	or	without	top	quark	reconstrucPon:	

Or	a	mulPvariate	method	using	more	informaPon	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	Spin	CorrelaPons	-		Dilepton	Channel	

66	

ℓ−Δφ

Lab	frame	

ℓ+ Δφ	distribuPon	becomes	flaqer	when	tops	are	correlated.			

AΔφ =
N Δφ

ℓ+ℓ−
> π 2( )− N Δφ

ℓ+ℓ−
< π 2( )

N Δφ
ℓ+ℓ−

> π 2( )+ N Δφ
ℓ+ℓ−

< π 2( )

|
− l+ lφ

∆
/d

|
σ

 d
σ
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NLO,

 (8 TeV)-119.5 fb

CMS

0

0.2

0.4

fSM from AΔφ vs Mtt( ) =1.12± 0.06 stat( )± 0.08 syst( )−0.11
+0.08 theor( )

f ≡ NSM

NSM + Nnon−SM

, fSM =1

PRD	93	(2016)	052007	



			Spin	CorrelaPons	–	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

→−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	

tt

JHEP	12	(2010)	068	

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

PLB	758	(2016)	321	



68	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



Top	Quark	Couplings	
§  qZ	and	qγ	à	Direct	access	to	top-electroweak	couplings.	
§  qW	and	qZ:	important	backgrounds	for	top-Higgs	coupling	

measurements.		
§  qZ/W	and	qγ	measured	and	limits	on	anomalous	couplings,	four-top	

producPon	and	qH	have	been	placed	at	8	TeV.	

69	

Constraints	o	the	axial	and	vector		
components	of	the	top-Z	coupling		
using	effecPve	field	theory.		



Top	Quark	Couplings	
§  Run	II:		

u  σ(qZ)@13	TeV	à	~4	x	σ(qZ)@8	TeV		
u  qZ	cross	secPon	from		3-lepton	and	4-lepton	final	states.		
u  Exploit	jet	and	b-jet	mulPpliciPes	to	enhance	the	signal.	
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2j(=0b) 1b)≥2j( 3j(=0b) 3j(=1b) 2b)≥3j( 4j(=0b) 4j(=1b) 2b)≥4j(

Ev
en

ts

10

20
30

40
50

60
70

80
90

Ztt

WZ

Xtt

rare

data-driven

Data

 (13 TeV)-12.7 fbCMSPreliminary

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

3-lepton	

Frixione	et	al.	arXiv:1504.03446;	Alwall	et	al.	arXiv:1405.0301	



W	Boson	PolarizaPon	
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§  Wtb	vertex	à	electroweak	V-A	structure.	
§  W	helicity	fracPons	(FX)	sensiPve	to	the	Wtb	vertex	structure.			

Massless	b-quark	always	le[-
handed	and	top	quark	le[	or	right	
handed	à	Angular	momentum	
conservaPon:	Top	quark	decay	to	
a	right-handed	W	boson	is	
forbidden.	

Le[-handed		
(negaPve	helicity)	

longitudinal	
(zero	helicity)	

Right-handed		
(posiPve	helicity)	



W	Boson	PolarizaPon	
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dσ
d cosθ *

≈
3
8
1− cosθ *( )

2
FL +

3
4
sinθ *( )

2
F0 +

3
8
1+ cosθ *( )

2
FR

FL~0.3	 FR~0	F0~0.7	
Le[-handed		
(negaPve	helicity)	

longitudinal	
(zero	helicity)	

Right-handed		
(posiPve	helicity)	

d-type	fermion	

W	rest	frame	

t	θℓ
*

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

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



W	Boson	PolarizaPon	
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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	fracPons	to	date.		
CMS-PAPER-TOP-13-008,	submimed	to	PLB	
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e/µ	+	4	jets	(2	b-tagged)	

Dominant	uncertainPes:	Top	quark	mass	and	QCD	scales.	



W	Boson	PolarizaPon	
§  Wtb:	magnitude	determined	by	|Vtb|.	
§  BSM	contribuPons	to	Wtb	vertex	modify	helicity	fracPons.		
§  In	the	effecPve	operaPve	framework:	
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SM : VL =Vtb ≈1
VR = gL = gR = 0

)
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CMS-PAPER-TOP-13-008,	
	submimed	to	PLB	



Summary	
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§  Top	quark	plays	an	important	role	in	precision	
measurements	and	new	parPcles	searches.		

§  Top	re-discovered	at	the	LHC.	
§  Most	LHC	Run	I	measurements	dominated	by	
systemaPc	uncertainPes.		
u  σq	<	4%	beqer	than	NNLO	accuracy	
u  mt	with	~500	MeV	precision.		
u  Precise	properPes	measurements	and	constraints	on	
anomalous	couplings.		

§  So	far,	all	results	in	agreement	with	SM	predicPons.		
u  And	no	evidence	of	any	invisible	parPcles.		



LHC	Run	II	
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§  Inclusive	ttbar	cross	secPon	already	at	NNLO	
precision.		

§  Single	top	t-channel	precisely	established.	
§  In	both	cases	starPng	to	probe	differenPal	spectra	
to	understand	new	MCs	

§  Establish	couplings	to	all	bosons	in	Run	II.		
§  Direct	or	indirect	indicaPons	of	new	physics?		



QUESTIONS	

77	



BONUS	
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Top	Squark	Pair	ProducPon	
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m !t( ),m !χ1
0( )

m !t( ) ≈ m !χ1
0( )+mt σ tt (and	qbar	spin	correlaPons)	

m !t ; !χ1
0( )∉185−189 GeV

arXiv:1603.02303	
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m !t ; !χ1
0 =1 GeV( ) >189 GeV

more	sensiPve	than	standard	SUSY	searches		
for	low		

Simplified	model	with	two	parameters:		

m !χ1
0( ) and	 m !t( ) ≈ mt



§  First	calculaPon	of	asymmetry	by	Halzen	et	al.	1987	(PLB	195,	74)	for	mt	=	45	GeV!		
§  Making	analogy	to	QED.	
§  But	considered	only	real	gluon	emission.	

80	

qq→QQg

qg→QQq

Cam
pagnari	&

	Franklin	
Rev.	M

od.	Phys.	69,	137	(1997)		

Example	predicPons	of	mt:	
à  5-65	GeV		
	(J.	Ellis,	et.	al.	NPB	131	(1977)	285)	
à  16-19	GeV		
(T.	Yanagida,	PRD	20	(1979)	2986)	
à  ~148	GeV	
	(H.	Terazawa,	PRD	22	(1980)	2921)	

Asymmetry	from	Interference	-	q	

1984	UA1	measurement	
mt	=	40+/-10	GeV.	
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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	



Top	Quark	PolarizaPon	in	qbar	
Dilepton	Channel	
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Helicity	angle	

qbar	rest	frame	
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PCP−violating = AP+ − AP−( ) = 0.000± 0.016

PRD	93	(2016)	052007	



Top	Quark	Spin	CorrelaPon	in	Dilepton	
Channel	
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Helicity	angle	

qbar	rest	frame	
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PRD	93	(2016)	052007	



Top	Quark	Spin	CorrelaPon	in	Dilepton	
Channel	
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PRD	93	(2016)	052007	



Anomalous	Top-Gluon	InteracPon	

§  SM:	dipole	moments	generated	radiaPvely	and	are	very	small.	
§  BSM:	dipole	moment	couplings	can	occur	at	tree	level.	
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Anomalous	interacPon	from	a	heavy-parPcle	exchange	(M	>	mt)	:	

Chromo	magnePc	dipole	moment	
CP	conserving	

Chromo	electric	dipole	moment	
CP	violaPng	

−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	



Flavor	Changing	Neutral	Currents	

§  SM:	Forbidden	at	tree	level	
§  Suppressed	at	higher	orders	due	

to	GIM	mechanism.	
§  Occurs	only	at	the	level	of	loop	

correcPons	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	



FCNC	vs	Data	in	Some	ParPcular	Models		
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 gu→t  gc→t  uγ →t  cγ →t  Hu→t  Hc →t  Zq→t 
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Andreas	Meyer	

§  No	sign	of	FCNC	in	qbar	and	single	top		
§  Measurements	staPsPcs	dominated.		


