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Some	Key	LHC	Dates
• 1994:	LHC	approved	by	CERN	Council	

• 2008:	LHC	start-up	

• 2009:	First	low-energy	collisions	

• 2010:	First	high-energy	collisions	at	7	TeV	

• 2011:	First	hints	of	the	Higgs	boson	

• 2012:	LHC	at	8	TeV,	discovery	of	the	Higgs	boson	

• 2013:	Nobel	Prize	for	Peter	Higgs	and	François	Englert	

• 2015	-	2018:	Run	2	of	the	LHC	at	13	TeV	

• 2022	-	2026:	Run	3	of	the	LHC	at	13.6	TeV



Summary	of	the	Standard	Model
• Particles	and	SU(3)	×	SU(2)	×	U(1)	quantum	numbers:	

• Lagrangian:		 	 	 gauge	interactions	
	 	 	 	 	 	 matter	fermions	
	 		 	 	 	 	 Yukawa	interactions		
	 		 	 	 	 	 Higgs	potential

•

•

• Tested	<	0.1%	
before	LHC

Testing	now	
in	progress









Higgs	Boson	Couplings



LHC	Measurements	
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Standard Model Total Production Cross Section Measurements Status: October 2023

ATLAS Preliminary

p
s = 5,7,8,13,13.6 TeV

Higgs	
production

Agree	with	the		
Standard	Model



It	Walks	and	Quacks	like	a	Higgs
• Couplings	scale	~	mass,	with	scale	~	v

JE & Tevong You



Emerging	Decay	Mode:	H → Zγ

Signal	strength	 	jmes	Standard	Model	value	
Negligible	change	in	NLO	QCD	
Higher-order	EW	unimportant	

Stajsjcs?	BSM	physics?

μ = 2.2 ± 0.7
Buccioni,	Devoto,	Djouadi,	JE,		

Quevillon,	Tancredi,	arXiv:2312.12384

ATLAS	&	CMS,	arXiv:2309.03501

Chen,	Chen,	Qiao	&	Zhu,	
arXiv:2404.11441

Boto,	Das,	Romão,	Saha	&	Silva,	
arXiv:2312.13050



HHH, VVHH

BSM	physics?



Search	for	Triple-H	Coupling 



Search	for		
HHH	Coupling 



ATLAS	Collaborajon,	arXiv:2406.09971















Alessandro	Strumia





Is	“Empty	Space”	Unstable?

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

	log10
Λ

GeV = 10.9 ± 0.8

                                   LHC





Survey	of	SUSY	searches	in	pMSSM
ATLAS	Collaborajon,	arXiv:2402.01392	

Lines	=	chargino/neutralino	exclusions	in	searches	with	
simplifying	assumpjons	on	spectrum	and	decay	modes	

		Black	=	<	10%	of	pMSSM	models	excluded	
Cream	=	>	90%	of	pMSSM	models	excluded

Many	low-mass	pMSSM	models	consistent	with	constraints	

“Not	dead	yet”

Chargino-Neutralino	plane Neutralino2-Neutralino1	plane

Monty	Python	and	the	Holy	Grail



Looking	Beyond	the	Standard	
Model	with	the	SMEFT

“...the	direct	method	may	be	used...but	indirect	methods	will	be	
needed	in	order	to	secure	victory….”		

“The	direct	and	the	indirect	lead	on	to	each	other	in	turn.	It	is	
like	moving	in	a	circle….”	

Who	can	exhaust	the	possibilities	of	their	combination?”		
	Sun	Tzu	



Effective	Field	Theories	(EFTs)		
a	long	and	glorious	History

• 1930’s:	“Standard	Model”	of	QED	had	d=4	

• Fermi’s	four-fermion	theory	of	the	weak	force	

• Dimension-6	operators:	form	=	S,	P,	V,	A,	T?	
– Due	to	exchanges	of	massive	particles?	

• V-A	➔	massive	vector	bosons	➔	gauge	theory	

• Yukawa’s	meson	theory	of	the	strong	N-N	force	
– Due	to	exchanges	of	mesons?	➔	pions	

• Chiral	dynamics	of	pions:	(∂π∂π)ππ	clue	➔	QCD



Standard	Model	Effective	Field	Theory	
a	more	powerful	way	to	analyze	the	data

• Assume	the	Standard	Model	Lagrangian	is	correct	
(quantum	numbers	of	particles)	but	incomplete	

• Look	for	additional	interactions	between	SM	particles	due	
to	exchanges	of	heavier	particles	

• Analyze	Higgs	data	together	with	electroweak	precision	
data	and	top	data	

• Most	efficient	way	to	extract	largest	amount	of	
information	from	LHC	and	other	experiments	

• Model-independent	way	to	look	for	physics	beyond	the	
Standard	Model	(BSM)



Dimension-6	SMEFT	Operators
• Including	2-	and	4-
fermion	operators	

• Different	colours	for	
different	data	
sectors	

• Grey	cells	violate	
SU(3)5	symmetry	

• Important	when	
including	top	
observables	

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

Baryon	

decay

Flavour	anomalies

Anomalous	

magnetic	

moments



Dimension-6	Constraints	
with	Flavour-Universal	

SU(3)5	Symmetry

• Individual	
operator	
coefficients	

• Marginalised	
over	all	other	
operator	
coefficients

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

No	significant	deviations	from	SM



Top	Producjon	at	the	LHC

• Many	different	final	states:	most	measurements	agree	with	
NNLO+NNLL	theory

34



• Can	problem	be	fixed	by	BSM?	

• No		improvement	with	SMEFT	

• Higher-order	QCD	effects?

	Cross	Secjon	as	Funcjon	of	tt̄ Mtt̄

• Good	match	to	theory,	except	
close	to	threshold?

35



Spin	Correlajons
• Correlajon	between	two	polarised	quantum-mechanical	
subsystems		

• Correlajon	matrix:																				Net	subsystem	polarisajons:	

• Spin	singlet	correlajon	matrix	(pseudoscalar):	

• Entanglement	marker	for	spin	0:

(  for  )= 0 t, t̄

Afik	&	de	Nova,	arXiv:2003.02280,	2203.05582;		

Maltoni	et	al,	arXiv:2401.08751	36



Entanglement	at	 	Threshold	tt̄

CMS	Collaborajon,	arXiv:2406.03976	ATLAS	Collaborajon,	Nature	633,	542

Significant	spread	in	predicjons	of	QCD	Monte	Carlo	codes
37



CMS	Signal

38 CMS	Collaborajon,	CMS-PAS-HIG-22-013		

Strength	Compajble	with		
Theorejcal	Predicjon	for	ηt

Fuks,	Hagiwara,	Ma	&	Zheng,	arXiv:2102.11281

Consistent	with		
pseudoscalar:	

	 	or	ηt A



Correlajons	
used	to	Analyze	
Enhancement

Nominal	significance	 > 5σ

• Entanglement	markers	

• Distribujons	

• Where

CMS	Collaborajon,	CMS-PAS-HIG-22-013		
39



Signal	in	ATLAS	Data?

ATLAS	Collaborajon,	arXiv:2404.18986	?40



Has	CMS	Discovered	a	Boson	
with	Mass	around	340	GeV?	

• An	elementary	boson?	

• Extended	Higgs	sector,	…	

• 	or	toponium?	

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

• Producjon	of	vector	toponium	in	 	collisions	
studied	in	detail	

• Relajvely	few	studies	for	toponium	in	proton-
proton	collisions	

• Fascinajng	QCD	problem!

tt̄
343.5

e+e−

41

LHC

e+e−



Addijonal	Higgs	or	 	Bound	State?tt̄

42

• Example:	2	Higgs	doublet	model	

• 4	extra	physical	Higgses:	neutral	
pseudoscalar,	scalar,	charged

	

• Expect	interference	with	QCD	
background	(peaks	&	dips)

A, H, H±

• Example:	2	Higgs	doublet	model	

• 4	extra	physical	Higgses:	neutral	
pseudoscalar,	scalar,	charged:					
	

• Expect	interference	with	QCD	
background	(peaks	&	dips)

A

Djouadi,	JE,	Popov	&	Quevillon,	arXiv:1901.03417

• Predicjon	of	QCD	

• Sommerfeld	enhancement:	
summajon	of	 	

• Lowest-lying	 	states	in	s-wave:	
	(pseudoscalar,	vector)	

• Producjon	of	scalar	 	suppressed	

• No	wavefuncjon	at	origin	

• Forbidden	in	 	collisions	(Landau-Yang)

(αs /v)n

tt̄
1S0,3 S1

3P0

gg



	Enhancement	below	Thresholdηt

• Colour-singlet,	 	pole	dominant	below	nominal	 	threshold			

• Cross-secjon	>>	perturbajve	QCD	calculajon	of	

ηt t̄t

dσ/dmt̄t

Sumino	&	Yokoya,	arXiv:1007.0075

43

Kiyo,	Kühn,	Moch,	Steinhauser	&	Uwer,	
arXiv:0812.0919	[hep-ph]

Simulajon



A	Pseudoscalar	Boson?

Djouadi,	JE	&	Quevillon,	arXiv:2412.15138
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A	and	 	both	Consistent	with	Dataηt

45 CMS	Collaborajon,	CMS-PAS-HIG-22-013		



Measurements	of	CP	Violajon
Discovery	of	CP	violajon	in	D	decays

 
 

Larger	than	SM	expectajon,		
but	significant	QCD	uncertainjes	

Good	prospects	for	future	studies

ΔACP ≡ ACP(D0 → K−K+) − ACP(D0 → π−π+)
= (−15.4 ± 2.9) × 10−4

World-leading	measurements	of	CKM	angles	in	B	decays

sin 2β = 0.717 ± 0.013 ± 0.008

	degreesγ = 63.8+3.5
−3.7

LHCb	Collaborajon



Highlights	of	Heavy-Ion	Physics
Small	(but	increasing?)	viscosityJet	quenching

In	QCD	vacum,	jets	hadronise	
In	QCD	plasma,	jets	thermalise

QCD	plasma	is	most	perfect	fluid	known	
Higher	viscosity	at	higher	temperature?

Nijs,	Gursoy,	v.d.	Schee,	Snellings,	arXiv:2010.15130,		arXiv:2010.15134	

Urs	Wiedemann



Visible	matter

Higgs	physics?	
Dark	Matter?	
A	new	boson?	
Unknown	
unknowns?

Standard	Model

Summary

•https://www.youtube.com/watch?v=Ts6vS-qYuY4


