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Elementary	par)cles	and	interac)ons
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❖ Elementary	:	depends	on	experimental	means.	Along	the	)me:	atoms,	nuclei,	quarks,	…	?		
!

❖ Elementary	par)cles	presently	observed	:		!
❖ MaHer	par)cles	:	12	fermions	(6	quarks,	6	leptons)	and	12	an)-fermions,	classified	in	3	
families.	Atoms	made	out	of	first	family	of	fermions.	!

❖ Fundamental	interac)on	par)cles	  
(gauge	par)cles)	:	12	vector	bosons.	!

❖ Mass	of	elementary	par)cles	:	 
generated	though	their	interac)on	 
with	a	scalar	boson,	the	Higgs	boson.	
!

❖ Ques)ons	:		!
❖ Are	these	par)cles	actually	 
elementary	or	composite?	!

❖ Do	other	elementary	par)cles	exist?		
cf.	Graviton,	addi)onal	Higgs,		
supersymmetric	par)cles,	…	!

❖ Is	their	descrip)on	correct?	 
e.g.	currently	ν	≠	an)-ν	(Dirac	ν	vs.	Majorana	ν).



Content	of	the	universe	in	its	first	micro-second
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Fermi	weak	interac)on	theory
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❖ Fermi	theory	of	β	decay:	proposed	by	E.	Fermi	in	1933.  
n	➝	p	e-	ν	described	as	the	direct	coupling	between	a	neutron,	 
a	proton,	an	electron	and	a	neutrino	(later	known	to	be	an	an)-neutrino).	
!

❖ Important	no)on	of	effec)ve	theory:	  
the	Fermi	theory	of	weak	interac)on	is	a	 
low	energy	effec)ve	theory	of	the		standard	model. 
At	higher	energies,	one	is	able	to	observe	that	➛	

!
				With	the	Fermi	coupling	constant:

νe e-

n p

GF

			where	g	is	the	coupling	of	the	charged	weak	interac)on	and	mW	the	mass	of	the	W	boson					
			media)ng	this	interac)on.  
			Another	example	of	an	effec)ve	theory:	 
			classical	mechanics	is	a	valid	effec)ve	theory	if	velocity	<<	c,	and	if	size	>>	wave	length.

GF =

p
2
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The	standard	model
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❖ Objects	with	very	small	dimensions	∼10-18	m	and	very	high	energies	∼Gev-TeV: 
mathema)cal	descrip)on	=	you	put	together	quantum	mechanics	and	special	rela)vity	
(quantum	field	theory),	you	make	it	renormalizable,	and	you	obtain	the	standard	model	of	
par)cle	physics.	
!

❖ Theory	built	on	symmetry	principles:	gauge	symmetries.  
➛	vector	bosons	media)ng	electromagne)c,	weak	and	strong	interac)ons,	appear	
spontaneously	in	the	theory	once	corresponding	gauge	local	symmetries	are	required.  
					

❖ Ad	hoc	ingredients	are	moreover	added	in	the	mathema)cal	descrip)on,	induced	by	
experimental	observa)ons:		
❖ charged	weak	interac)on	couples	only	to	lef	 
chiral	fermions,	

❖ non	massive	neutrinos	(as	it	was	observed	in	the	past),	
❖ Higgs	poten)al,	
❖ quark	mixing	through	charged	weak	interac)on,	
❖ 3	fermion	families,	
❖ …
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Ingredients	of	the	Lagrangian
❖ Objects	in	quantum	field	theory	are	quantum	fields,	defined	at	all	points	in	space	r	and	)me	t:	

❖ spinor	fermion	fields	(maHer)	ψ	
❖ vector	boson	fields	(interac)ons)	W1,	W2,	W3,	B,	Ga		(a	=	1,	8)		
❖ scalar	Higgs	field	φ	
!

❖ Nota)on:	!
❖ µ	=	0,	1,	2,3	index	corresponds	to	resp.	t,	x,	y,	z		(Lorentz	index).  
Defini)on:	∂µ		=	(∂t,	∂x,	∂y,	∂z)		and	∂µ	=	(∂t,	-∂x,	-∂y,	-∂z).	!

❖ γ	matrices:	Dirac	4×4	complex	matrices	{γ0,	γ1,	γ2,	γ3}	with	anti-commutation	relations.  
γ5	=	i	γ0	γ1	γ2	γ3	!

❖ Nota)on:	ψ	=	ψ⧾γ0							  
			ψ	is	the	hermician	adjoint	and	is	a	1×4	matrix,	while	ψ	is	a	4×1	matrix.  
!

❖ Equa)ons	of	mo)on	of	a	classical	object	is	obtained	from	the	Lagrangian	(density):		L	=	T	-	V  
T	and	V	are	kine)c	and	poten)al	energies.  
With	a	quantum	spinor	field,	kine)c	and	mass	terms	are:					L	=	ψ	i	γµ∂µ	ψ	-	m	ψ	ψ 
 

Addi)onal	terms:	coupling	between	different	fields.  
Feynman	rules	used	for	calcula)on	are	derived	from	Lagrangian	terms.

-
-

- -
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/
not	observed

Measurement	of	the	ra)o	of	e-	emiHed	in	same	direc)on	as	magne)c	field:	observa)on	of	a	
maximal	viola)on	of	parity	P	by	charged	weak	interac)on.

❖ Un)l	1956,	physics	laws	were	expected	to	be	unchanged	following	a	discrete	Parity	
transforma)on	(inversion)	x	⟶	-x.			(x	stands	for	the	3-dim	space	vector) 
P	ψ(x,	t)	=	ψ(-x,	t)													 
It	seems	s)ll	valid	for	electromagne)c	and	strong	interac)ons,	but	not	weak	interac)on.	
!

❖ 	Wu	experiment	of	the	β	decay	of	the	60Co	nucleus	(proposed	by	Lee	and	Wang,	Nobel	prize	1957):	
 

				60Co	(J=5)	⟶	60Ni*	(J=4)	e-	νe		(Phys.	Rev.	105,	1413	(1957).-

The	Wu	experiment

if	P	is	a	symmetry,	both	
configura)ons	should	be	

equally	observed.



❖ Goldhaber	experiment		(Phys.	Rev.	109,	1015	(1958):	  
 
152Eu	+	e-	➝	152Sm*	+	ν,		
 

	followed	by	152Sm*	➝	152Sm	+	γ	

The	Goldhaber	experiment			(1)

e-	JZ	=	+1/2e-	JZ	=	-1/2

JZ	(e-)	=	JZ	(ν)	+	JZ	(γ)

Helicity	λ	=	
�!
J ·�!p
|�!p |

λγ	=	+1 λν	=	+1/2 λν	=	-1/2λγ	=	-1

Measurement	of	the	polarisa)on	of	the	γ	from	electron	capture	by	Eu:	observa)on	that	
helicity	of	forward	γ	is	nega)ve,	hence	neutrinos	have	nega)ve	helici)es.

11



❖ Interpreta)on	of	observa)on:	discrete	transforma)ons	by	C	(charge	conjuga)on)	and	P	
(parity)	do	not	lead	to	symmetric	configura)ons	in	weak	charge	interac)on.

The	Goldhaber	experiment			(2)

12

right	ν lef	an)-ν right	an)-ν

➛	this	feature	must	be	described	by	theory:	weak	charge	current	interacts	only	with	 
					lef	fermions	and	right	an)-fermions.	
!
❖ Charged	weak	interac)on	features	a	pure	V-A	structure	(vector	-	axialvector).  
Dirac	spinors	ψ	can	be	projected	on	right	or	lef	chirality	with	projec)on	operators:		

 

								PL	=	(1-	γ5)	/2,			PR	=	(1+	γ5)	/2														[not	the	same	operator	P	as	parity]	
 

						ψL	=	PL	ψ						PL	+	PR	=	Id							PL2	=	PL	!
For	non-massive	par)cles,	helicity	=	chirality.	



Gauge	symmetries
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❖ Symmetries	play	an	important	role	in	physics.  
Noether’s	theorem:	every	observed	symmetry	translates	into	a	conserved	quan)ty.  
Con)nuous	symmetries	w.r.t.:	)me	transla)on	Δt	➛	energy	conserva)on,	space	transla)on	Δr	
➛	momentum	conserva)on,	rota)on	Δθ	➛	angular	momentum	conserva)on.	
!

❖ In	a	space	of	quantum	field:	gauge	symmetries.  
Physics	laws	do	not	depend	on	an	arbitrary	phase	and	the	Lagrangian	L	=	ψ	i	γµ∂µ	ψ	-	m	ψ	ψ	
remains	invariant	under	a	global	phase	α	transforma)on:	  
 

if	ψ(x)	➝		ψ’(x)	=	eiα	ψ(x)			and			ψ(x)	➝		ψ’(x)	=	e-iα	ψ(x)				then				L	➝	L’	=	L.	
!

❖ Symmetry	groups:	these	symmetries	can	be	represented	by	a	set	(a	group)	of	Unitarity	n×n	
matrices	U(n)	or	Special	(with	determinant	=	1)	Unitarity	n×n	matrices	SU(n).	!
❖ Electromagne)c	interac)on:	described	by	U(1).	!
❖ Weak	interac)on:	SU(2).	!
❖ Strong	interac)on:	SU(3).	
!

- -

- - -



Weak	isospin	and	SU(2)L
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❖ Strong	isospin	proposed	by	Heisenberg	in	1932:	proton	and	neutron	are	similar	but	their	
electric	charges,	seen	by	the	electromagne)c	interac)on.	 
They	are	seen	by	the	strong	interac)on	as	two	different	physics	states	of	one	same	par)cle,	
the	nucleon.  
Similar	to	up	and	down	spin	states	of	electrons,	similar	mathema)cal	formalism.  
➛	introduc)on	of	2	new	quantum	numbers	of	same	type	as	Spin:	total	Isospin	I	and	its	
projec)on	I3	(N.B.	:	I3	is	not	an	arbitrary	projec)on	like	for	the	spin,	but	on	physics	states	n	
and	p,	let	us	say	on	a	“flavour”	axis).  

❖ νL	transforms	in	eL	via	a	charged	weak	W+	boson:	eL	and	νL	are	seen	by	the	charged	weak	
interaction	as	two	physics	states	(two	different	flavours)	of	one	same	particle. 
➛	similar	to	strong	Isospin	and	neutron	and	proton:	neutrino	and	electron	are	allocated	two	
new	quantum	numbers,	the	weak	isospin	T	and	its	projection	on	flavour	axis	T3.  
eL	and	νL	(and	all	fermions)	are	grouped	in	a	weak	isospin	doublet	of	SU(2)	left:

)(νeL
eL ( )νµL

µL ( )ντL
τL ( )uL

dL ( )cL
sL ( )tL

bL



Covariant	deriva)ve
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❖ Local	gauge	symmetry:				transforma)on	ψ(x)		➝		ψ’(x)	=		eiα(x)	ψ(x)	
❖  

➛	under	such	a	local	phase	transforma)on,	the	Lagrangian	L	=	ψ	i	γµ∂µ	ψ	-	m	ψ	ψ	would	not	
remain	unchanged,	an	extra	term	appears	because	of	the	deriva)ve	∂µ	:						

❖
 

																																																		∂µ		eiα(x)	ψ(x)		=			eiα(x)		∂µ	ψ(x)			+			i	eiα(x)	ψ(x)	∂µ	α(x). 
 

To	keep	the	Lagrangian	invariant	under	a	local	gauge	transforma)on,	a	covariant	deriva)	ve	Dµ	
is	defi	ned	transforming	like	the	fi	eld:			Dµ	ψ		➝	(Dµ	ψ)‘	=	eiα(x)	(Dµ	ψ)  
∂µ		is	replaced	by	Dµ,	and	invariance	of	L	is	established	under	local	phase	transforma)	on	by	
adding	an	addi)	onal	term	in	Dµ	expression	to	compensate	for	the	extra	∂µ	α(x)	term:	  
 

								Dµ		=		∂µ		-	i	e	Aµ(x)  
 

with	the	transforma)	on	law	of	the	new	Aµ	quan)	ty:		Aµ		➝		Aµ’	=	Aµ	+		—	∂µ	α(x).	
!
												➛	the	local	gauge	invariance	is	preserved	by	introducing	a	new	gauge	field	Aµ 
 
This	quan)ty	is	the	gauge	field	of	the	corresponding	interac)on.  
Each	generator	of	a	given	symmetry	group	corresponds	to	a	gauge	boson:	1	boson	(photon)	in	
U(1),	3	bosons	(W+,	W-,	Z)	in	SU(2)	and	8	bosons	(gluons)	in	SU(3).

- -

1	
e



Higgs	mechanism			(1)
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❖ A	mass	term	for	the	photon	in	the	Lagrangian	would	not	be	invariant	under	U(1):	

1

2
m2

�AµA
µ ! 1

2
m2

�A
0
µA

0µ =
1

2
m2

� (Aµ + @µ↵) (A
µ + @µ↵) 6= 1

2
m2

�AµA
µ

Actually	the	photon	is	massless,	but	same	kind	of	argument	holds	for	weak	bosons	and	
fermions,	which	are	obviously	massive	par)cles.  
➛	introducing	directly	a	mass	term	in	the	Lagrangian	does	not	observe	the	required	
SU(2)L×U(1)Y	symmetry.	
➛	a	trick	is	needed	to	describe	massive	par)cles	in	the	theory,	theory	which	predic)ons	were	
very	precisely	tested	otherwise.	

!
❖ The	Higgs	trick:	introduce	ad	hoc	in	the	Lagrangian	a	new	scalar	field	φ,	which	poten)al	
observes	the	right	symmetry	but	its	fundamental	not.	 
The	set	of	possible	fundamentals	is	symmetric,	but	once	 
you	choose	one	given	fundamental,	it	is	not	anymore.  
This	is	called	a	spontaneous	symmetry	breaking.



Higgs	mechanism			(2)
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❖ This	Higgs	field	is	an	SU(2)L	doublet: 
 

The	poten)al	is:	  
 

➛	2	free	parameters,	µ	(related	to	the	Higgs	mass)	and	λ	(related	to	the	Higgs	self-coupling),	
which	values	are	not	predicted	by	theory,	are	introduced	in	the	theory.	
!

❖ Genera)ng	masses:		(in	very	short)  
The	Higgs	field	interacts	with	gauge	bosons,	and	this	interac)on	makes	them	massive.	Each	
mass	costs	one	degree	of	freedom	of	the	Higgs	field.  
One	SU(2)	doublet	has	4	degrees	of	freedom:	φ1,	φ2,	φ3,	φ4.  
3	gauge	bosons	are	massive:		W+,	W-	and	Z.  
➛	1	degree	of	freedom	remains:	the	Higgs	par)cle.	
!

❖ Fermions	masses:	generated	by	hand	by	adding	a	Higgs-fermion	interac)on	term	(Yukawa	
coupling).	
!

❖ Weak	boson	and	fermion	mass	values	are	not	predicted	by	the	theory.		
!

❖ Almost	50	years	of	search:	existence	of	the	Higgs	boson	was	postulated	in	1964	and	it	was	
only	discovered	in	2012	at	LHC.

� =

✓
�0 = �1 + i�2

�+ = �3 + i�4

◆

V = �µ2�+�+ �(�+�)2



Lagrangian	of	the	standard	model			(1)
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kine)c	terms	of	
eletroweak	gauge	bosonsL = �1

4
Wµ⇤

� W�
µ⇤ �

1
4
Bµ⇤Bµ⇤

+i
�

fermions

⇥̄�µ⇤µ⇥ kine)c	term	of	fermions

+ �⇥W�
µ + h.c.

�

leptons

�̄�
g�
2

g�
2

�µ (1� �5)
2

lepton-W	interac)on

+
�

quarks

�̄u �µ (1� �5)
2

V ud
CKM quark-W	interac)on�dW

�
µ + h.c.

+ fermion-γ	interac)ong sin �W

�

fermions

�̄ �µQf �Aµ

+ fermion-Z	interac)on
g

cos �W

�

fermions

�̄ �µ (gv � ga�5)
2

�Zµ



Lagrangian	of	the	standard	model			(2)
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Higgs	kine)c	and	mass	
term	and	poten)al(...)

W	and	Z	mass	termg2v2

4
W�

µ W+µ++ (g2 + g�2)v2

8
ZµZµ

+
1
2
⇥µ�⇥µ�+ µ2⇥2 � µ2v2

4

MH21
2

MZ21
2

MW2

+
�

fermions

mf �̄� fermion	mass	term



Lagrangian	of	the	standard	model			(3)

20

Higgs	self-interac)on(...) + �v �3+ �4�

4

Higgs-fermion	interac)on+
�

fermions

mf

v
�⇥̄⇥

Higgs-W	interac)on+ g2

4
(2v� + �2)W�

µ W+µ

Higgs-Z	interac)on+ g2

8 cos2 �W
(2v� + �2)ZµZµ

H0

H0

Z, W+

Z, W-

H0 f +

f -

H0
H0

H0

H0

Z, W+

Z, W-

H0

H0

H0

H0



Feynman	diagrams
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❖ A	Feynman	diagrams	is	a	graphic	representa)on	of	a	perturba)ve	series	used	to	compute	the	
probability	transi)on	between	ini)al	and	final	states.	
!
❖ Each	part	(e.g.,	fermion	line,	boson	propagator,	…)	correspond	to	a	Lagrangian	term.	

!
❖ The	precision	of	the	calcula)on	is	increased	by	taking	increasing	ver)ces	into	account.	
!

❖ Perturba)ve	development	because	|coupling	constant|	<	1.	This	is	true	for	
electromagne)c	and	weak	interac)ons,	and	for	strong	interac)on	at	high	momentum.  
Sof	strong	processes	are	not	perturba)ve	and	are	calculated	with	models	(cf.	La�ce	QCD).

)me

space



Predic)ons	in	the	framework	of	the	SM
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❖ Unfortunately,	18	(+5)	quan)ty	values	are	unknown	in	the	SM,	i.e.	free	parameters:		
❖ 9	fermion	masses,	
❖ 3	coupling	constants	of	weak,	electromagne)c	and	strong	interac)ons,	
❖ 4	parameters	to	describe	the	CKM	matrix	(discussed	in	next	slides),	
❖ 2	parameters	for	the	Higgs	poten)al	(µ	and	λ).	
❖ 5	quan))es	are	put	to	0	by	hand,	according	to	observa)on:	3	neutrino	masses,	CP	
viola)on	phase	θstrong	in	strong	interac)on.	
!

➛	measurements	are	needed,	used	as	inputs	to	predict	other	physics	quan))es,	because	
rela)ons	between	quan))es	can	be	wriHen.	
Some	quan))es	can	be	very	precisely	measured	(e.g.,	charged	lepton	and	top	quark	masses),	
other	not	(e.g.,	quark	masses,	because	light	quarks	are	always	bounded	in	hadrons).  

❖ Rela)ons	between	different	quan))es	imply	quantum	loops 
(perturba)ve	development	with	an	increased	number	of 
ver)ces).  
Contribu)on	of	unknown	par)cles	through	quantum	loops,	  
e.g.	Higgs	boson	un)l	2012:	predic)ons	were	made	as	a	 
func)on	of	the	unknown	Higgs	mass.
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Course	outline

❖ Introduc)on	to	the	standard	model	
!

❖ The	CKM	formalism	
!

❖ Beyond	the	SM



Strangeness			(1)
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❖ 1946-1949:	discovery	of	strange	V-tracks	in	Wilson	cloud	chambers	detec)ng	cosmic	rays.  
Interpreta)on:	invisible	neutral	par)cles	(called	V0)	decay	to	2	opposite	charge	par)cles	and		 
detected	charged	par)cles	(called	V+	and	V-)	decay	to	1	charged	and	1	invisible	neutral	
par)cles.

V0

(no	track) V±
(no

	tra
ck) Observa)on	of	many	such	unknown	

par)cles,	with	masses	heavier	than	π	
mass	and	life)mes	~	10-9	s.	

❖ Discovery	of	a	new	par)cle	in	1949	called	K0	(quarks	not	yet	discovered),	with	m	~	495	MeV.	
!

❖ 1953:	V0	and	V±	par)cles	were	given	names:		Λ0,	Λ+,	Λ-,	K01,	K02,	Σ+,	Σ-,	Ξ-,	and	classified	
according	to	their	proper)es:	
❖ They	are	generally	produced	in	pairs	through	strong	interac)on:	e.g.,	π-	p	➝	Λ0	K0	+	X.	
❖ They	decay	through	weak	interac)on	in	known	par)cles:	e.g.,	Λ0	➝	p	π-,		K0	➝	π+	π-,	...	
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❖ In	1954	Gell-Man	proposed	a	new	addi)ve	quantum	number	called	Strangeness	S	(quarks	s)ll	
not	discovered	yet):	
❖ conserved	in	strong	and	electromagne)c	interac)ons,	
❖ violated	in	weak	interac)on.	
!

❖ According	to	observed	produc)on	and	decay	modes:		
❖ S(Λ0)	=	S(K-)	=	S(an)-K0)	=	-1		because	Λ0	and	K0	are	produced	simultaneously,	
❖ S(Ξ-)	=	-2,	
❖ S(par)cle)	=	-S(an)-par)cle).	
!

❖ It	was	observed	that	ΔS=1	transi)ons	are	20×	less	probable	than	those	with	ΔS=0.	
!

❖ Existence	of	u,	d	and	s	quarks	proposed	by	Gell-Mann	and	Zweig	in	1963,	observa)on	in	late	
60s	at	SLAC.

Strangeness			(2)



❖ 1	unique	real	parameter	θC	~	13º		is	enough	to	describe	the	change	of	basis:	
!
❖ Probability	of	ΔS	=	0	transi)ons	is	propor)onal	to	cos2θC	~	1,	
!

❖ Probability	of	ΔS	=	1	transi)ons	is	~	sin2θC	~	0.05		(20	)mes	less).

The	Cabibbo	mixing
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❖ N.	Cabibbo	proposed	in	1963	that	quarks	involved	in	weak	processes	are	not	physics	
eigenstates,	in	order	to	account	for	suppressed	ΔS	=	1	transi)ons	w.r.t.	ΔS	=	0:					

!
																																		d’		=		cosθC	d	+		sinθC	s											

flavour	eigenstate:		
involved	in	weak	interac)ons

physics	eigenstates:	
involved	in	electromagne)c		
and	strong	interac)ons

s
u

sin	θC

W

d
u

cos	θC

W

)( u	
d’

❖ Actual	physics	doublet	becomes:



Flavour	Changing	Neutral	Currents
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❖ cf.	slide	18,	Lagrangian	term	for	Z-quark	couplings	implies	terms	~	ψψ		(no	impact	from	other	
terms,	like	(gv	-ga	γ5)	in	the	following	discussion:	hence	they	are	not	wriHen).

would	imply	existence	of	FCNC		
Flavour	Changing	Neutral	Current	

➛	never	observed

-

with	now	ψ	=														=			()( u	
d’

														u	
cosθC	d	+		sinθC	s )

ψψ	=	uu	+	d’d’		
!
							=		u	u		+		(cosθC	d	+		sinθC	s)(cosθC	d	+		sinθC	s)	!
							=	uu	+	dd	cos2θC	+	ss	sin2θC	+		(sd	+	ds)			cosθC	sinθC

- - -

- - -

- - - - -

we	can	write:



The	GIM	mechanism
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❖ In	1970,	Glashow,	Iliopoulos	and	Maiani	proposed	the	existence	of	the	charm	quark,	with	
charge	+2/3e,		to	get	rid	of	possible	FCNC	transi)ons.	
The	charm	quark	is	coupled	to	the	linear	combina)on:		s’	=	[	-sinθC	d	+		cosθC	s	]

➛			ψψ		=	u	u		+		d	d		+	c	c		+		s	s							no	unwanted	FCNC	anymore- -- --

❖ Experimental	observa)on	of	the	J/ψ	=	(cc)	in	1974	in	e+e-	collisions	at	SLAC	and	in	a	fixed	
target	experiment	at	BNL.

-

)( c	
s’ ( 														c	

cosθC	s	-		sinθC	d )=

	Nobel	prize	allocated	to	 
Richter	et	Ting	en	1976.



Cabibbo	mixing
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❖ Conclusion:	quark	physics	states	(used	to	write	the	Hamiltonian)	are	different	from	flavour	
states,	seen	by	weak	interac)on.  
One	quark	basis	is	transformed	to	the	other	one	with	a	2×2	unitary	matrix	V:

d‘																													d	
s‘									‘																				s

=		V( )weak ( )mass

❖ The	Cabibbo	V	matrix	can	be	fully	described	by	only	one	parameter	θC:

cosθC						sinθC		
-sinθC						cosθC

	V	= ( )



The	CKM	matrix			(1)
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❖ In	1973,	Kobayashi	and	Maskawa	proposed	to	introduce	a	3rd	doublet	of	quarks	to	account	for																
CP	viola)on	in	weak	interac)ons	(observed	in	K0L	➝	ππ	decays	by	Christenson,	Cronin,	Fitch	and	
Turlay	in	1964,	Nobel	prize	in	1980).				
!
➛	3	SU(2)L	doublets: )( u!

d’  L
)( c!

s’  L
)( t!

b’  L

W+

d’u’ Vud

           Vud   Vus   Vub!
=         Vcd   Vcs   Vcb!
           Vtd    Vts   Vtb

( (d’!
s’!
b’ weak

( (d!
s!
b mass

( (
➛	descrip)on	of	flavour  
				changing	through	charged	
				weak	interac)on:

❖ Discovery	of	Υ	=	(bb)	in	1977	in	a	fixed	experiment	at	FNAL,	 
and	of	the	top	quark	in	pp	collisions	in	1995	at	FNAL.	
!

❖ CKM	matrix	=	generalisa)on	of	the	Cabibbo	mixing	with	3	SU(2)	 
doublets	of	quarks:

-
-
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The	CKM	matrix			(2)

❖ The	CKM	matrix	is	complex	of	dim	3×3		
➛	9	elements	|	Vij	|	exp(-iϕij),	described	by	18	parameters:	
!❖ the	unitarity	rela)on	V	V✝	=	Id	implies	32	rela)ons	between	the	matrix	elements;	
!❖ 5	rela)ve	phases	among	the	quarks	out	of	6	can	be	redefined	w/o	changing	the	
Lagrangien.	

! ➛	only	4	parameters	remain	independent:	3	rota)on	angles	+		1	CP-viola)ng	phase.	
					These	parameters	are	usually	called:	A,	λ,	ρ	and	η.	
					One	and	only	one	phase.	

!
❖ Comment:	with	2	families	of	quarks	only	(Cabibbo	mixing),	there	is	no	CP-viola)ng	phase.		

Kobayashi	and	Maskawa	understood	that	CPV	can	only	be	generated	with	≥	3	families.
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The	CKM	matrix			(3)

!
❖ Experimental	observa)on	of	a	hierarchy	between	the	9	modules	of	the	matrix	elements:

≈

with	λ	=	sin	θC		~	0.22		



Unitarity	triangles			(1)
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❖ There	are	6	non	diagonal	unitarity	rela)ons	of	the	CKM	matrix:

b-d

c-u

s-d

b-s

t-u
t-c

❖ These	6	rela)ons	can	be	represented	 
graphically	by	a	triangle	in	the	complex	 
(ρ,	η)	plane:		
!

❖ Triangle	surface	=	0			⇔			CPV	=	0.

- -

η	-

ρ	-

The	b-d	unitarity	triangle



Unitarity	triangles			(2)
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❖ Measurement	of	the	b-d	UT	leads	to	the	complete	determina)on	of	the	CKM	matrix	(the	4	
parameter	values	can	be	es)mated	if	the	UT	is	reconstructed).		
To	search	for	physics	beyond	the	SM:		
!
❖ Redundant	measurements	of	all	6	triangles	(most	of	them	are	~	flat:	less	easy	to	measure	

than	the	b-d	UT):		
coherence	w.r.t.	SM	predic)ons,	only	1	phase.	
➛	all	6	triangles	feature	the	same	area	in	the	SM.	
!

❖ Compare	tree	with	higher	order	processes	(sensi)ve	to	unknown	par)cles	contribu)ons).
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constraints	on	the	b-d	unitarity	triangle	from:	
!

																		tree-level	amplitudes,																																																		loop-mediated	amplitudes,	
				i.e.	Flavour	Changing	Charged	Currents																	i.e.	ΔF=2	Flavour	Changing	Neutral	Currents	

[hHp://ckmfiHer.in2p3.fr]

Unitarity	triangles			(3)

Currently,	all	measurements	are	in	agreement	with	the	SM	rela)ons.
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Course	outline

❖ Introduc)on	to	the	standard	model	
!

❖ The	CKM	formalism	
!

❖ Beyond	the	SM



Success	of	the	SM			(1)
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❖ Predic)ons	of	the	SM	have	been	observed:	 
vector	bosons,	τ	charged	lepton,	τ	neutrino,	 
bottom,	charm	and	top	quarks,	Higgs	boson.	
!

❖ All	measurements	agree	with	their	predic)on	 
with	an	unprecedented	precision.  
Coherence	of	the	SM.  
➛	demonstra)on	of	the	quantum	nature	of	par)cles.
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❖ Many	Nobel	prizes	were	given	for	related	theore)cal,	instrumental	and	experimental	works:		

					‧		1979:	Glashow,	Salam	and	Weinberg	-	electroweak	theory,	

					‧		1980:	Cronin	and	Fitch	-	CP	viola)ng	K	meson	decays,	

					‧		1984:	Rubbia	and	Van	der	Meer	-	discovery	of	W	and	Z	bosons	with	the	SpS	accelerator,	

					‧		1988:	Lederman,	Schwartz	and	Steinberger	-	discovery	of	νµ,	

					‧		1990:	Friedman,	Kendall	and	Taylor	-		partons	discovery	in	a	DIS	ep	experiment,		

					‧		1995:	Perl	and	Reines	-	detec)on	of	ν	and	discovery	of	τ	leptons,		
					‧		1999:		‘t	Hoof	and	Veltman	-	demonstra)on	that	SM	is	a	renormalisable	theory,	

					‧		2004:	Gross,	Politzer	and	Wilzcek	-	strong	interac)on	theory,	

					‧		2008:	Kobayashi	and	Maskawa	-	origin	of	CP	viola)on	in	the	SM,	

					‧		2013:	Englert	and	Higgs	-	existence	of	the	Higgs	boson.	
!
❖ But	also…	2015:	Kajita	and	McDonald	  

																														observa)on	of	neutrino	oscilla)ons	 
➛	neutrinos	are	massive	par)cles!	 
					This	is	not	described	correctly	in	the	SM!

Success	of	the	SM			(2)



Limita)on	of	the	SM
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❖ Several	observa)ons	are	not	described	in	the	SM,	e.g.:	!
❖ The	maHer-an)maHer	asymmetry	induced	in	the	SM	is	much	lower	than	what	is	observed	
in	the	universe,	i.e.	total	disappearance	of	the	an)maHer.	!

❖ 85	%	of	the	gravita)onal	mass	in	the	universe	is	actually	unseen	and	called	Dark	maHer.		!
❖ Nature	of	dark	maHer	is	unknown	(one	part	is	not	baryonic)	and	not	described	by	the	SM.	
❖ 70	%	of	the	energy	density	of	the	universe	is	of	unknown	nature,	hence	it	is	called	Dark	
Energy	and	it	is	not	described	by	the	SM.	!

❖ The	SM	describes	massless	neutrinos.	
!
❖ The	SM	is	not	valid	at	very	high	energies	(Planck	scale	~	1019	GeV):		

❖ How	to	include	gravita)on	in	the	theory?	
!

❖ We	s)ll	do	not	know:	!
❖ Why	3	fermion	families?		!
❖ Where	does	the	Higgs	poten)al	come	from?	!
❖ Where	do	the	values	of	SM	free	parameters	come	from?	!
❖ Why	is	the	electric	charge	quan)fied	?	
❖ etc.	

Known	physics	corresponds	only	
to	5%	of	the	universe.



Baryon/an)-baryon	asymmetry
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❖ Observed	baryon/an)-baryon	asymmetry	in	the	universe	today:	ΔnB	/	nγ	~	6	×	10-10			

The	early	universe	is	expected	to	be	symmetric	(i.e.	ΔnB	=	0),	then	an	imbalance	between	
maHer	and	an)-maHer	is	produced,	sa)sfying	Sakharov	condi)ons.	
!

❖ Sakharov	condi)ons	(1967):		!
								1)	Baryon	number	viola)on:	
												➛	possible	in	the	SM	with	sphalerons	and	viola)on	of	B	and	L,	but	B-L	is	conserved.	
																	Baryons	are	transformed	in	an)-leptons	and	vice-versa.	!
								2)	C	and	CP	symmetries	viola)on:	
												➛	at	least	one	more	CP	viola)ng	phase	is	needed	in	addi)on	to	the	CKM	one.	
												SM	with	one	unique	CPV	phase	allows:	ΔnB/nγ	≈	10-18.	!
				3)	Interac)ons	out	of	thermal	equilibrium:		

												➛	baryogenesis	within	the	SM	requires	electroweak	symmetry	breaking	be	a	first-order		
																phase	transi)on.																	
																Constrains	MH	~<	40	GeV/c2,	or	requires	an	extended	scalar	sector	(introducing	new	
																CPV	phases).



Flavour	changing
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“who	ordered	that?”

by	I.	Rabbi		
according	to		

[Phys.Rept.	532	(2013)	27-64])
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Quarks	and	leptons
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d s b

u

c

t

!
CKM

!
νe
!
νμ

!
ντ

!
ν1

!
ν2

!
ν3

!
PMNS

3	genera)ons	of	elementary	fermions?

hierarchy	between	matrix	elements?

addi)onal	source	of	CP	viola)on?

origin	of	the	
ν	mass?

quark-lepton	unifica)on?

flavour	symmetry?

Yukawa	
couplings?



SM	as	an	effec)ve	theory
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❖ Conclusion:	we	need	to	extend	the	SM,	which	is	only	an	effec)ve	theory:	!
❖ What	is	the	nature	of	physics	beyond	the	SM:	strings	vs.	par)cles,	compositness,	extra-

dimensions,	what	symmetries	govern	the	physics	laws?	!
❖ At	what	energy	do	we	need	to	overcome	the	SM?	Is	it	within	current	experimental	reach?	

!
❖ Very	different	situa)on	w.r.t.	the	past:	only	few	indica)ons	from	observa)on	to	extend	the	

theory.	  
Besides	already	discussed	observa)ons	(lepton	flavour	viola)on,	dark	maHer,	CP	viola)on,	etc.),	
few	puzzling	~3σ	smoking	guns	from	precision	measurements:			
❖ muon	g-2,			
❖ sin2θW,			
❖ B	➝	D(*)τν,	
❖ angular	B0	➝	K0*μμ	distribution,	
❖ …	

!
➛	ofen	based	on	one	unique,	sta)s)cally	limited	
					and	finally	non	conclusive	measurement.	
!
➛	some	of	these	measurements	will	be	presented	 
					in	this	school.		



Going	beyond	the	SM?
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New	proposed	theories:	
‧	Grand	Unifica)on	Theories	
‧	Supersymmetries	
‧	Superstrings		
‧	Extra	space	dimensions	
‧	Technicolor	
‧	Compositness	
‧	etc.

experimental	
evidences

New	direc)ons	to	overcome	the	SM	will	be	given	by	
experimental	observa)ons	(						launched	by	new	tools).➛
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❖ Observed	manifesta)ons	of	Beyond	SM	physics	do	not	indicate	any	energy	scale.	
!
❖ Finding	and	understanding	new	physics	will	not	be	easy!	
				➛	pursue	a	global	effort	relying	on	different	programs:	
!

❖ The	quantum	path:	reach	an	unprecedented	precision,	 
both	on	experimental	measurements	and	their	 
theore)cal	predic)ons,	and	be	sensi)ve	to	quantum	 
manifesta)ons	of	new	unknown	par)cles.  
Need	a	very	high	sta)s)cs,	hence	high	luminosi)es	 
and/or	process	cross-sec)ons:	the	intensity	fron)er.  
Examples	of	experiments:	LHCb	(high	bb	cross-sec)on),	Belle	II	(high	luminosity	of	
SuperKEKB),	muon	experiments	(intense	beams).	
!

❖ The	rela)vis)c	path:	reach	the	highest	possible	collision	 
energy,	to	produce	real	new	unknown	par)cles	on	their 
mass	shell:	the	energy	fron)er.  
Examples	of	experiments:	ATLAS	and	CMS	at	LHC.

SM NP

SM SM

NP

-

Quantum	and	rela)vis)c	paths			(1)



❖ In	the	past	HEP	history,	quantum	correc)ons	and	Flavour	Changing	processes	enabled	key	
progresses:	existence	of	the	charm	quark,	of	the	3rd	quark	family,	top	mass,	Higgs	mass,	…
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Quantum	and	rela)vis)c	paths			(2)
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❖ Look	for	BSM	physics	by	measuring	lots	of	observables	with	good	sensi)vity	to	NP,	depending	
on	the	BSM	theory.

	[Nucl.Phys.	B830	(2010)	17-94]

DNA	of	flavour	physics	effects	on	BSM	theories

	[Phys.Rev.	D75	(2007)	115019]
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❖ Flavour	physics	is	a	powerful	tool	to	search	for	NP,	 
poten)ally	sensi)ve	to	a	much	higher	NP	scale	 
than	LHC.  
Depends	of	course	on	how	much	new	par)cles	 
couple	to	SM	ones.	

!
❖ But	precision	measurements	are	also	sensi)ve	to	  

very	light	new	par)cles:	
❖ very	light	Higgs,	
❖ dark	photon,	
❖ light	dark	maHer.

Flavour	physics

48



Conclusion
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❖ An	exci)ng	program	of	sensi)ve	searches	at	the	intensity	fron)er	is	awai)ng	us,	made	
possible	thanks	to	significant	progresses	in	accelerator	and	detector	technologies.	

!
❖ Flavour	physics	and	precision	measurements	at	low	energies	may	be	the	only	way	to	reach	
the	Zepto-Universe	(10	TeV	and	above,	10-21	m)	in	the	next	decade.	If	the	scale	of	NP	is	not	
under	experimental	reach,	it	is	a	powerful	tool	to	constrain	NP	models.	
!

❖ The	actual	conclusion	is	that	a	variety	of	approaches	is	needed	to	address	the	ques)on	of	
BSM,	as	well	with	experiments	at	the	energy	fron)er,	at	the	intensity	fron)er	and	at	the	
cosmic	fron)er.	
The	key	word	is	complementarity:	not	only	the	sensi)vity	to	NP	is	enhanced,	but	also	it	is	the	
only	way	to	understand	the	structure	of	NP	and	the	flavour-breaking	paHern	once	NP	is	
discovered.
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thank you for your attention


