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Higgs	Lectures	



Outlook	
•  Introduc7on	
•  Hard-core	theory		

–  Lagrangians	and	symmetries	
–  Quantum	fields	
–  Problems	with	the	Standard	Model	

•  The	Higgs	mechanism	
•  The	long	way	to	discovery	

–  LEP	experiments	
–  Tevatron	experiments	
–  Search	and	Discovery	at	the	LHC	

•  Higgs	boson	proper7es	
•  Open	ques7ons	
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Introduc7on	

Standard	Model	par7cles,	
interac7ons,	and	hard-core		theory	

to	set	the	scene…	
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8	gluons	 Graviton??	

W±,	Z0	Photon	
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The	interac7on	of	gauge	bosons	with	fermions	is	(very)	well	
described	by	the		Standard	Model	

Standard	model	interac7ons	

Photon	
massless	

Gluons	
massless	

W+,	W-	
very	massive	

Z0	
very	massive	
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Emmy	Noether	(1882	–	1935)	

Lagrangians,	symmetries	and	all	that	

Joseph-Louis	Lagrange	(1736–1813)	
	

Leonhard	Euler(1707–1783)	
	



Reminder:	Lagrangians	in	
classical	mechanics	

The	equa7ons	of	mo7on	of	a	system	are	derived	from	a	
scalar	Lagrangian	func7on	of	generalized	coordinates	
and	veloci;es	(7me	deriva7ves	of	the	coordinates)	
	
	
and	from	the	Euler-Lagrange	equa;ons:	
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Example	
Par7cle	in	a	conserva7ve	poten7al	V.	The	Lagrangian	
	
	
has	deriva7ves	(e.g.	for	x)	
	
	
and	Euler-Lagrange’s	equa7ons	
	
	
finally	give	us	Newton’s	familiar	2nd	law!	
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Symmetries	and	conserva7on	laws	
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Noether’s	theorem:		
If a system has a continuous symmetry property, then there are 
corresponding quantities whose values are conserved in time.	


Simplest	case:	Coordinates	not	explicitly	appearing	in	the	Lagrangian		
⇒ Lagrangian	invariant	over	a	con7nuous	transforma7on	of	the	

coordinates	
Example:	mass	m	orbi7ng	in	the	field	of	a	fixed	mass	M	
	
	
Since	the	lagrangian	doesn’t	depend	explicitly	on	φ	(symmetry	with	
respect	to	rota7ons	in	space),	the	Euler-Lagrange	equa7on	gives	
	
	
Where	the	angular	momentum	J	is	a	constant	of	mo7on!	
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Let’s	go	to	quantum	fields...	

Richard	Feynman	
(1918	-	1988)	

Erwin	
Schrödinger	
(1887	-	1961)	

Schrödinger’s	cat	(?-?)	



Now	in	quantum	field	theory…	
Imagine	space	as	an	infinite	con7nuum	of	balls	and	springs,	
where	each	ball	is	connected	to	its	neighbours	by	elas7c	
bands.	Par;cles	are		perturba;ons	of	this	field	
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y	

x	

ϕ(x,y)	
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Generalized	coordinates	are	now	fields	(disloca7on	of	each	
spring)	
	

In	a	rela7vis7c	theory	we	must	treat	space	and	7me	
coordinates	on	an	equal	foo7ng,	so	the	deriva7ves	in	the	
classical	equa7ons	are	now	

	
In	place	of	a	Lagrangian	we	have	a	Lagrangian	density	(we	
call	it	Lagrangian	anyway,	just	to	be	confusing)	

	 	 	 	 	 	 	 	 	 				with:	
The	new	Euler-Lagrange	equa7on	now	becomes	



Gauge	invariance	

02/04/18	 R.	Gonçalo	-	Physics	at	the	LHC	 16	

Take	the	Dirac	Lagrangian	for	a	spinor	field	ψ	represen7ng	a	
spin-½	par7cle,	for	example	an	electron:		
	
	
It	is	invariant	under	a	global	U(1)	phase	transforma7on	like:	
	
	
Where	χ	is	a	constant	
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Original sphere	 Global transformation	 Local transformação	

χ	=	χ	(x)		χ	=	constant	



Local	gauge	invariance	and	interac7ons	
If	χ	=	χ	(x)	then	we	get	extra	terms	in	the	Lagrangian:	
	
	
	
But	we	can	now	make	the	Lagrangian	invariant	by	adding	an	interac(on	
term	with	a	new	gauge	field	Aμ	which	transforms	as:	
	
	
We	get:		
	
A	few	things	to	note:	
1.  Gauge	theories	are	renormalizable,	i.e.	calculable	without	infini7es	

popping	up	everywhere	(Nobel	prize	of	t’Hoor	and	Veltman)	
2.  The	new	gauge	field	Aμ	is	the	photon	in	QED		
3.  The	mass	of	the	fermion	is	the	coefficient	of	the	term	on	ψψ	
4.  There	is	no	term	in	AμAμ	(the	photon	has	zero	mass)	à	this	is	the	

beginning	of	the	Higgs	story…	
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Now	for	the	problems...	
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1:	Longitudinal	gauge-boson	
scaKering	
In	the	absence	of	the	Higgs,	
some	processes	have	cross	
sec7ons	that	grow	with	the	
centre	of	mass	energy	of	the	
collision…	i.e.	breaks	unitarity!	
The	Higgs	regulates	the	cross	
sec7on	through	nega7ve	
interference	
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Feynman	diagrams	contribu7ng	to	longitudinal	WW	scatering	

J.C.Romão	[5]	
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2:	Mass	of	elementary	par;cles	and	gauge	bosons	
	

To	keep	the	Lagrangian	gauge	invariant	(against	a	U(1)	local	
phase	transforma7on)	the	photon	field	transforms	as:		
	
	
But	the	Aμ	mass	term	breaks	the	invariance	of	the	Lagrangian:	
	
	
For	the	SU(2)L	gauge	symmetry	transforma7ons	of	the	weak	
interac;on	the	fermion	mass	term	meψψ	also	breaks	invariance!	
	
Botom	line:	the	SM	(without	the	Higgs	mechanism)	results	in	
wrong	calcula;ons	and	breaks	down	for	massive	par;cles	



The	Higgs	Mechanism	
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Robert	Brout	(1928	–	2011)	

Peter	Higgs	(b.	1929)	
François	Englert	

(b.	1932)	



•  Introduce	a	SU(2)	doublet	of	spin-0	complex	fields	

•  The	Lagrangian	is		

•  With	a	poten7al		
	
•  For	λ>0,	μ2<0	the	poten7al	has	a		
minimum	at	the	origin	
•  For	λ>0,	μ2<0	the	poten7al	has	an	
infinite	number	of	minima	at:	
	
	
	
The	choice	of	vacuum	(lowest	
energy	state	of	the	field)	breaks	the	symmetry	of	the	Lagrangian	02/04/18	 R.	Gonçalo	-	Physics	at	the	LHC	 23	
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Electroweak	symmetry	breaking	
•  In	the	Standard	Model	with	no	Higgs	

mechanism,	interac7ons	are	symmetric	
and	par7cles	do	not	have	mass		

•  Electroweak	symmetry	is	broken:	
–  Photon	does	not	have	mass	
– W,	Z	have	a	large	mass	

•  Higgs	mechanism:	mass	of	W	and	Z	
results	from	the		Higgs	mechanism	

•  Masses	of	fermions	come	from	a	
direct	interac7on	with	the	Higgs	field		
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see	J.Varela’s	lecture	



EWK	Symmetry	Breaking	in	Pictures	
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•  We	have	at	this	point	a	massive	scalar	field	with	vacuum	
expecta7on	value	v	and	mass	

•  4	gauge	fields:	W(1),	W(2),	W(3),	and	B(1)	which	transform	to	give	
the	massive	W+,	W-	and	Z,	and	massless	A	(the	photon)	

with	g,	gW	the	couplings	of	electromagne7c	and	weak	forces	
•  Defining	the	Weinberg	angle	as		

we	also	get	the	rela7on	between	
the	masses	of	W	and	Z	

•  Fermions	get	their	masses	from	interac7on	terms	with	the	Higgs	
field	(Yukawa	coupling)	
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W±	

γ	

Weak	Nuclear	
Interac7on	

Electromagne7c	
interac7on	
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The	Story	So	Far...	
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The	Standard	
Model	of	

par7cle	physics	
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What	we	think	we	know:	
•  Higgs	mass	(was)	the	only	unknown	

parameter	
•  We	can	give	mass	to	W±	and	Z	while	keeping	

the	photon	massless	
•  Rela7on	between	masses	of	W	and	Z	
•  Higgs	couples	to	W	and	Z	with	strengths	

propor7onal	to	their	masses	
•  Higgs	couples	to	all	fermions	with	a	strength	

propor7onal	to	their	mass	
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Searches	at	LEP	
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Low-mass	searches	at	LEP	
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Higher-mass	Higgs	produc7on	at	LEP	
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Higgs	decays:	focus	on	3rd	genera7on	
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LEP’s	Final	Legacy:	the	Blue	Band	Plot	

•  Decades	of	searches	
in	many	
experiments...	

•  By	July	2010:		
–  LEP+Tevatron+SLD	
limits	

–  Higgs	excluded	
mh<114.4	GeV	at	
95%	CL	

–  Plus	between	158	
and	175	GeV	

CERN
-PH-EP-2010-05	

02/04/18	 R.	Gonçalo	-	Physics	at	the	LHC	 41	



Searches	at	the	Tevatron	
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Higgs	produc7on	at	the	Tevatron	
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Most	sensi7ve	searches	
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The	final	stand	of	the	Tevatron	

•  By	the	end	of	its	life7me,	the	
Tevatron	had	very	sophis7cated	
analyses	of	a	huge	number	of	
channels	

•  By	that	7me	the	LHC	was	collec7ng	
data	and	analysing	it	very	fast	

•  The	CDF	and	D0	experiments	
obtained	a	significant	excess	of	
around	3	standard	devia7ons	in	the	
mass	range	115<MH<140	GeV		

•  Not	enough	to	claim	discovery,	but	
consistent	with	the	LHC	results	
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Discovery	at	the	LHC	
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Proton-proton	(and	Heavy	Ion)	collider	
s1/2	=	7,	8,	13	TeV	so	far	
Opera7on	started	2008	
Physics	data	from	2010	
Expected	closure	2035	
Luminosity	so	far:	about	95	�-1	per	
experiment	for	ATLAS	and	CMS	



 [GeV] HM
10 20 30 100 200 1000 2000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

3−10

2−10

1−10

1

10

210

310

410
= 13 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (NNLO+NNLL QCD)

→pp 

 qqH (NNLO QCD)

→pp 

 WH (NNLO QCD)

→pp 

 ZH (NNLO QCD)

→
pp 

 ttH (NLO QCD)

→pp 

 bbH (NNLO)

→
pp 

 tH (NLO)
→pp 

htps://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG	

gluon-fusion	

VBF	

WH	
ZH	

tH	

At	the	LHC	
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It	takes	7me	to	get	it	right	

EPS-HEP	2011	conference	[6]	
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Discovery	channels	
•  Discovery	was	made	in	ATLAS	and	CMS	with	about	5	�-1	of	7	TeV	data	and	20	

�-1	of	8	TeV	data	per	experiment;	several	channels	combined	

•  This	means	about	400	000	Higgs	bosons	produced	in	about	8	000	000	000	000	
000	(8x1015)	proton	collisions		
–  Only	about	4000	events	with	Higgs	bosons	contributed	to	the	discovery		
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Combining	Higgs	Channels	
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The	p0	Discovery	Plot	
•  p0	is	the	combined	

probability	that	
the	background	
fluctuates	to	look	
like	signal	

•  Translated	into	the	
one-sided	
Gaussian	
probability	

	
•  This	corresponds	to	a	probability	of	1	in	3.5	million	that	

this	was	a	false	posi7ve	from	fluctua7ng	backgrounds	
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What	we	have	found	out	since		
A	(quick)	foretaste	of	the	next	few	lectures	
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Spin	and	Parity	
•  First	concern	arer	observa7on!	
•  Some	observable	quan77es	sensi7ve	to	JP:	for	example	

angle	between	leptons	from	W	decay	in	H->WW		
•  Pure	JP	=	0-,	1+,	1-,	and	2+	excluded	with	97.8,	99.97,	99.7,	

and	99.9%	Confidence	Level	(ATLAS	arXiv	1307.1432;	CMS	
Phys.	Rev.	D	92,	012004)	

H->γγ	–	ATLAS	arXiv	1307.1432	
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Higgs	boson	mass	
•  Mass:	around	125GeV	

Used	to	be	the	only	unknown		
SM-Higgs	parameter,	
remember?	J	

•  For	a	while,	different	
mass	values	were	being	
measured	in	ATLAS	and	
CMS,	and	in	different	
channels	

•  Numbers	evolved	with	
accumulated	sta7s7cs		

•  Current	most	precise	
value	from	ATLAS+CMS	
has	0.2%	precision!	
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ATLAS:	arXiv:1307.1427	
Λ =

L(mH )
L(m̂H )Phys.	Rev.	Le,.	114,	191803	

mH=125.09±0.21 (stat)±0.11 (syst)  GeV	



Cross	sec7on	
compared	to	

SM	
expecta7on	

σ meas.BR
σ SM .BR
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But	the	Standard	Model	is	not	complete;	there	are	s7ll	many	unanswered	
ques7ons.	

Going	beyond	the	standard	model	

How	does	gravity	fit	into	all	of	this?		

Why	are	there	exactly	three	genera7ons	of	quarks	and	leptons?	What	is	the	
explana7on	for	the	observed	patern	for	par7cle	masses?	

Are	quarks	and	leptons	actually	fundamental,	or	made	up	of	even	more	
fundamental	par7cles?	

What	is	this	"dark	mater"	that	we	can't	see	but	has	visible	gravita7onal	
effects	in	the	cosmos?	

Why	do	we	observe	mater	and	almost	no	an7mater	if	we	believe	there	is	
a	symmetry	between	the	two	in	the	universe?	
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There	are	a	large	number	of	models	which	predict	new	
physics	at	the	TeV	scale	accessible	at	the	LHC:	
		
§  Supersymmetry	(SUSY)	
§  Extra	dimensions	
§  Extended	Higgs	Sector	e.g.	in	SUSY	Models	
§  Grand	Unified	Theories	(SU(5),	O(10),	E6,	…)		
§  Leptoquarks	
§  New	Heavy	Gauge	Bosons	
§  Technicolour	
§  Compositeness	
	
Any	of	this	could	s7ll	be	found	at	the	LHC	and	most	have	a	
connec7on	to	the	Higgs	boson	

Many	possible	theories	
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A	bit	of	fun…	

•  What	if…	
–  At	higher	orders,	Higgs	poten7al	doesn’t	have	to	be	stable	
–  Depending	on	mt	and	mH	second	minimum	can	be	lower	than	EW	minimum	⇒	

tunneling	between	EW	vacuum	and	true	vacuum?!	
•  “For	a	narrow	band	of	values	of	the	top	quark	and	Higgs	boson	masses,	the	

Standard	Model	Higgs	poten7al	develops	a	shallow	local	minimum	at	energies	
of	about	1016	GeV,	where	primordial	infla7on	could	have	started	in	a	cold	
metastable	state”,	I.	Masina,	arXiv:1403.5244	[astro-ph.CO]	
–  See	also:	V.	Brachina,	Moriond	2014	(Phys.Rev.Let.111,	241801	(2013)),	G.	Degrassi	

et	al,	arXiv:1205.6497v2;	R.Con7no,	Workshop	sulla	fisica	p-p	a	LHC,	2013	

1-loop	effec7ve	poten7al	

RG-improved	poten7al	
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The	universe	seems	to	live	
near	a	cri7cal	condi7on	
JHEP	1208	(2012)	098	
Why?!	
Explained	by	underlying	theory?	
Anthropic	principle?	



Where	we	stand	now?	
•  The	Higgs	may	very	well	be	a	
window	into	the	new	physics	
which	we	know	must	exist	

•  We	now	have	very	precise	
results	from	the	Higgs	sector	

•  And	no	surprises	(yet?)	

•  But	the	truth	is	out	
there!	Must	keep	
looking!	
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The	End	
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