
Topology

Predic-on	(LEP)	
Discovery	(Tevatron)	

Measurements	(mass,	decays,	cross	sec-on,	couplings)	
Collapse	of	the	Universe?	
BSM?	(SMEFT	analysis)	

CP	viola-on?	
Probing	quantum	predic-ons	(spin	correla-ons,	entanglement)	

Toponium?
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Measurement	of	Top	Mass

	GeV:	why	is	this	important?mt = 172.53 ± 0.33
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Is	“Empty	Space”	Unstable?

Latest	experimental	values:	
αs(mZ) = 0.1183 ± 0.0009

	log10
Λ

GeV = 10.9 ± 0.8

                                   LHC
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Top	Decays
• Total	decay	width	 	GeV		(PDG)	

• Dominant	decays	 ,	followed	by	 	

• 	assuming	no	important	BSM	decays	

• Most	sensi-ve	test	of	universality	in	 	decays	

• Most	weakly	constrained	BSM	decay	mode	(?):
		

• Strong	constraints	on	flavour-changing	decays:	

1.42+0.19
−0.15

t → b + W+ W+ → q̄q′ , ℓ̄ν

Γ(W+b) = 0.957 ± 0.034

W → e/μ + ν

Γ(H+b, H+ → τ̄ν)/ΓTot < 0.25

Γ(t → (γ, g, Z, H) + u, c) ≲ 10−4 ΓTot
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Lepton	Universality	in	Top	Decays

Most	precise	check	of	lepton	universality	in	W	decays
13



Searches	for	Flavour-Changing	Top	Decays

• Why	is	this	important?
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Top	Produc-on	at	the	LHC

• Many	different	final	states:	most	measurements	agree	with	
NNLO+NNLL	theory
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• Can	problem	be	fixed	by	BSM?	

• No		improvement	with	SMEFT	

• Higher-order	QCD	effects?

	Cross	Sec-on	as	Func-on	of	tt̄ Mtt̄

• Good	match	to	theory,	except	
close	to	threshold?
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	Cross	Sec-on	as	Func-on	of	tt̄ Mtt̄

Good	match	to	theory,	except	close	to	threshold?
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• Global	fit	to	dimension-6	operators	using	precision	
electroweak	data,	W+W-	at	LEP,	top,	Higgs	and	diboson	
data	from	LHC	Runs	1,	2	

• Search	for	BSM	
• Constraints	on	BSM	
• At	tree	level	
• At	loop	level

SMEFT	Analysis:		
Global	Fit	to	Top,	Higgs,	Diboson,	Electroweak	Data	

JE,	Madigan,	Mimasu,	Sanz	&	You,	arXiv:2012.02779

341	measurements	

included	in	

global	analysis
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Global	SMEFT	Fit	Including	Top	Data

• Constraints	on	top	operators	weaker	

• Fit	prefers	 ,	but	jet	data	(not	included)	want	CG ≠ 0 CG ≃ 0
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Tensions	in	SMEFT	Analysis	of	Top	Data

• Fit	wants	 	(lel),	but	jets	want	 	(right)	

• Cannot	help	with	threshold	enhancement

CG ≠ 0 CG ≃ 0
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	Produc-on	Asymmetriestt̄

Consistent	with	theore-cal	predic-ons
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Single-Top	Produc-on	Diagrams	in	t-	and	s-Channels	

t-channel	W	exchange

s-channel	W	exchange
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Single	Top	Produc-on

Good	agreement	between	theory	and	experiment
LHCtopWG
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Single	Top	Associated	Produc-on

Mostly	consistent	with	theore-cal	predic-ons
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	Associated	Produc-ontt̄

Consistent	with	theore-cal	predic-ons
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Stop	Searches	at	the	LHC
• Supersymmetric	partners	of	top	quark:	 ,	may	be	lightest	

squarks	(naturalness,	large	 	mixing)	

• Lower	mass	limit	depends	on	neutralino	mass,	decay	pamern.		

• Combina-on	of	decay	modes	in	general:	need	to	survey	models

t̃L,R
t̃L / t̃R
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Measurements	of	 	Produc-on	tt̄tt̄

LHCtopWG
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Constraints	on	 	and	 	Produc-on	tt̄tt̄ tt̄t

Best	fit	prefers	large	 	cross	sec-on:	expected	to	be	small	

Central	value	of	 	cross	sec-on	>	Standard	Model

tt̄t

tt̄tt̄

ATLAS	Collabora-on,	arXiv:2303.15061
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Constraints	on	Top	Yukawa	Coupling	

ATLAS	Collabora-on,	ATL-PHYS-PUB-2024-00529



Probes	of	CP	Viola-on	in	 	Coupling	tt̄H
• Two	possible	 	couplings	with	different	CP:	

• Expect	 	in	the	Standard	Model	

• 	constrained	by	the	electric	dipole	moment	of	the	electron,	
,	to	which	it	contributes	via	2-loop	diagram	

• Current	upper	limit	 	e.cm	suggests	
,	if	SM	Higgs-electron	coupling	assumed,	and	

no	cancella-on	with	other	diagrams	

• Seek	direct	constraints	on	 	

tt̄H

κt = 1, κ̃t = 0

κ̃t
de

|de | < 4.1 × 10−30

| κ̃t | ≲ 5 × 10−4

κ̃t
JE,	Hwang,	Sakurai	&	Takeuchi,	arXiv:1312.573630



Observables	Sensi-ve	to	 	κ̃t

• Contribu-ons	to	 	couplings:	

• Affects	ra-os	of	 	cross	sec-ons	

• Modifies	invariant	mass	distribu-ons	

• Sensi-vity	in	top	quark	polarisa-on	and	spin	correla-ons	

• Modifies	cross	sec-on	for	 	produc-on

Hgg, Hγγ

tt̄H, tH, t̄H

tt̄tt̄
JE,	Hwang,	Sakurai	&	Takeuchi,	arXiv:1312.5736
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Search	for	CP	Viola-on	in	 	Coupling	tt̄H

	measurements	consistent	with	CP	conserva-on,	weak	constraints	on	viola-ontt̄

32



Search	for	CP	Viola-on	in	 	Coupling	tt̄H

Some	tension	between	 	cross	sec-on	and	other	measurementstt̄tt̄

ATLAS	Collabora-on,	arXiv:2303.1506133



Entanglement
• Correla-on	between	two	polarised	quantum-mechanical	
subsystems		

• Correla-on	matrix:																				Net	subsystem	polarisa-ons:	

• Singlet	correla-on	matrix:	

• Entanglement	marker	for	spin	0:

(  for  )= 0 t, t̄

Afik	&	de	Nova,	arXiv:2003.02280,	2203.05582;		

Maltoni	et	al,	arXiv:2401.08751	
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Values	of	Entanglement	Marker	in	tt̄

• Solid	lines:	entanglement	boundary	

• Dashed	lines:	phase	space	selected	for	analysis

θ = scattering angle βzz(tt̄ ) =
(pt

z + pt̄
z)

(Et + Et̄)

CMS	Collabora-on,	arXiv:2406.03976	35



Entanglement	at	 	Threshold	tt̄

CMS	Collabora-on,	arXiv:2406.03976	ATLAS	Collabora-on,	Nature	633,	542

Significant	spread	in	predic-ons	of	QCD	Monte	Carlo	codes
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More	 	Entanglement	Studiestt̄
• Entanglement	marker	for	spin	0	(singlet):	

• Entanglement	marker	for	spin	1	(triplet):	

• Sufficient	condi-on	for	entanglement:	

• “Bell”	(CHSH)	inequality	

• Study	in	different	kinema-cal	regions	

*	Clauser,	Horne,	Shimony,	Holt
Afik	&	de	Nova,	arXiv:2003.02280,	2203.05582;		

CMS	Collabora-on,	arXiv:2409.11067	37



More	 	Entanglement	Studiestt̄

• Not	separable	=	entangled:	singlet	entanglement	at	low	mass,	
triplet	entanglement	at	high	mass

CMS	Collabora-on,	arXiv:2409.11067	38



Entanglement	at	High	Mtt̄

• Blue	domed	line:	Maximum	entanglement	allowed	by	causal	
sharing	of	informa-on	

CMS	Collabora-on,	arXiv:2409.11067	39



Interpreta-on
• These	entanglement	measurements	verify	predic-ons	of	

quantum	mechanics/	quantum	field	theory	(QM/QFT)	

• BUT,	they	do	not	exclude	local	hidden-variable	theories	(LHVTs)	

• These	QM/QFT	predic-ons	can	be	mimicked	by	suitable	LHVT	

• Discrimina-on	between	QM/QFT	and	LHVT	could	be	provided	
by	(generalised)	Bell	inequali-es	

• BUT,	these	entanglement	measurements	have	other	
applica-ons	…
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Is	the	LHC	Discovering	a	Boson	
with	Mass	around	340	GeV?	

• Pseudoscalar	toponium,	not	an	elementary	
boson!	

• Predicted	to	have	a	mass	a	few	GeV	below	
the	 	threshold:	 	GeV	

• Produc-on	of	vector	toponium	in	 	
collisions	studied	in	detail	

• Rela-vely	few	studies	for	toponium	in	
proton-proton	collisions	

• Fascina-ng	QCD	problem!

tt̄ 343.5

e+e−
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More	complicated	than	Higgs	produc-on:	

“Small”	top	loop	replaced	by	“blob”	of	size	 	

Sommerfeld	enhancement	of	cross	sec-on	close	to	 	threshold	

Distorted	by	gluon	interac-ons	

	 	off-shell,	unstable,	gluon	interac-ons

∼ 1/(Mtαs)

tt̄

tt̄

Toponium	Produc-on	at	the	LHC
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	Sommerfeld	Enhancementtt̄

• Colour-singlet,	 	pole	dominant	below	nominal	 	threshold			

• Cross-sec-on	>>	perturba-ve	QCD	calcula-on	of	

ηt t̄t

dσ/dmt̄t

Sumino	&	Yokoya,	arXiv:1007.0075
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	Threshold	Kinema-cstt̄

	azimuthal	angle	differenceℓ̄ℓ′ 	with(out)	azimuthal	angle	cutmℓ̄ℓ′ 

Fuks,	Hagiwara,	Ma	&	Zheng,	arXiv:2102.1128144



Theore-cal	Study	of	Toponium	Search
• Using	electron	angular	measurements:	

		

• Rela-ve	angle:	 	

• Jet	substructure	

• Calculate	sta-s-cal	significance

θ1,2, ϕ1,2

θ12

Aguilar-Saavedra,	arXiv:2407.2033045



Search	for		
	Signalηt

Nominal	significance	 > 5σ

• Kinema-cal	quan--es:	

• Distribu-ons	

• Where

CMS	Collabora-on,	CMS-PAS-HIG-22-013		
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Observa-on	of	 	Signal?ηt

CMS	Collabora-on,	CMS-PAS-HIG-22-013		

SM	+	 	hypothesis	fits	data	well	
Measured	cross	sec-on	 	

Consistent	with	theore-cal	calcula-on	 (*)	
Nominal	significance	

ηt
7.1pb ± 11 %

6.43pb
> 5σ

(*)Fuks,	Hagiwara,	Ma	&	Zheng,	arXiv:2102.11281
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Hint	of	 	Signal?ηt

ATLAS	Collabora-on,	arXiv:2404.18986	?48


