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Some theoretical views (cont’d)
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Some theoretical views (cont’d)
... hot evident at all (weak interactions)...
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Il - Some experimental views
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. real events...
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. real events but different techniques...

Cerenkov light ring

Vertex seen in
nuclear emulsions




Il bis - Some experimental challenges

Detector characteristics

Width: 22m
Diameter: 15m
Weight:  14'500t
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Il bis - Some experimental challenges
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Outline/Plan

1/ Particle phenomenology :
quarks & leptons;
Strong, electro-weak interactions;
Some actual problems :
Higgs boson search,
matter-antimatter asymmetry,
grand unification theories...

2/ Experimental facts :
Particle-matter interactions;
Some detection techniques;

Particles production.

3/ The free theory :
Particles spin description;
Propagation equations, propagators;
Lagrangian description.

4/ Interacting theory :
Feynman diagrams;
Cross sections;
Basics of QED.

1/ Phénoménologie des particules et de leurs interactions :
quarks & leptons;
interactions électro-faible & forte;
quelgues problémes actuels :
recherche du boson de Higgs,
brisure matiere-antimatiere,
théories de grande unification...

2/ Aspects expérimentaux :
interaction particules-matiere;
quelques techniques de détection;
production de particules: les grands accélérateurs.

3/ La théorie libre :
description spinorielle des particules;
équations de propagation, propagateurs;
formulation Lagrangienne de la théorie.

4/ LLa théorie en interaction :
diagrammes de Feynman;
sections efficaces;

Les bases de QED.
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Chapter 1
Particles classification

1. Fundamental particles

1. Leptons
2. Quarks
3. Hadrons

2. Hadron spectroscopy
1. Isospin symmetry

2.  Basics of group theory.
The SU(N) group.

3.  The quark model

3. Fundamental interactions
1. Range and propagators
2.  Electro-weak interaction
3. Strong interaction

1.

2.

3.

1.
2.
3.

1.
2.

3.

1.

2.
3.

Particules fondamentales

Leptons
Quarks
Hadrons

Spectroscopie hadronique
La symétrie d’isospin

Rappel de théorie des groupes.
Le groupe SU(N).
Le modele des quarks.

Interactions fondamentales

Portée d’une interaction et
propagateurs.

Interaction électro-faible.
Interaction forte.
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1- Fundamental particles

General features:

Fundamental particles can not be separated into smaller
components (elementary particles such as: electron, photon,
quarks...)

Some particles are composite ones (protons and neutrons
are composed of 3 quarks, pions of 1 quark and 1 anti-
quark...)

There are 2 ways of classifying the particles:

1. Following the spin-statistics

Fermions
Vs

Bosons

2. Following the interaction(s) they are sensitive to...

1 A
14




1- Fundamental particles

There are 4 fundamental interactions:

e Strong interaction (e.g. nuclei structure)

e Electromagnetic interaction (e.g. atomic physics, light, u-wave...)
 Weak interaction (e.g. B radioactivity phenomena)

e Gravity (neglected at energy scales well below 10'°GeV)

In quantum field theory any interaction is modeled by an
intermediate particle exchange (gauge bosons).




1- Fundamental particles

A simplified scheme

Particules
Matter “building blocks” fondamentales
Fermions I ‘ e e I
Particules
Leptons Quarks d'échange
z w,zZ' Ii
Anti- Anti-
Leptons Quarks

Gluons
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1- Fundamental particles

They are (up-to-now) the most elementary particles known and
constitute the building blocks of atoms

Proton Neutron
ATOME

MATIERE

FERMIONS LEPTONS QUARKS
18 famille ' '
(matiére stabla) J - o -
_________ électron \neutrino électron | bas (down) _ haut (up)
2éme famille ) > - ) <
muon | neutrino muon | |eétrange (strange) charme (charm)

3eme famille - > ? | *
tau | neutrino tau beauté (beauty)  som op)

Une antiparticule . ' .
ANTIMATIERE | Sty s (Y ¥ EXRRNY .




1.7 Leptons

Leptons:

Are insensitive to strong interaction
Carry integer electric charges (nx1.6101°C with ne )

Carry a “weak” charge ie can be associated in weak interaction
doublets

Are organized into 3 families : electron, muon, tau

L SRR

Muons and taus are “heavy” and unstable copies of electrons

18



1.1 Leptons

Leptonic number: global symmetry associated to leptons implying
that 3 numbers are conserved additively in the interactions:

e L =+l(ecandv,)/L,=-1(etandv,) /L, =0 for others
 L,=+1(wandv,)/L, =-1(u" and_vu) / L, =0 for others
e L=+1(vandv,)/L =-1(t"andv,)/L =0 forothers

e Reactions example:

T _>“++Vy (LH:O:—1+(+1))
,u——>e—+17e+vﬂ (Le:0:+1+(—1)/Lﬂ:+1:+1)
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1.1 Leptons

Neutrinos are only sensitive to weak interactions and have a fixed

helicity (operator : ZZSJ )

> » Left-handed neutrinos

7
=)+ Right-handed anti-neutrinos
S P
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1.7 Leptons

Leptons summary

Leptons

e D

M (QMeV)

MG R T e B B P e e
ve <3x10° > 300 m, sleV 0 (1,0,0) o i
.  aGsEeR] 3 gOman)) [0 1 IR (B0 [ 2] I
Va < 0.19 > 15.4m, sleV 0 (0,1,0) (0,0,(3,5) 3

- 29 i i

r ImEmae PONEA D . 1 001 (DEL s vl
v, <182 = 0 (0,0,1) i: -
Notations:

 [Wand ;¥ are related to the weak isospin
° JPC — SpinParity C-Parity



1.1 Leptons

What about stability and lifetime? Almost all particles (but e.g.
electrons, protons) are unstable and decay with a time which
depends on the type of interaction and the available phase space

Hierarchy:

forte e .m. faible

(s)
10-23 10-20 10-10 1

Width (energy scale):

AM :F:% (MeV)
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1.7 Leptons

Strong decays and resonances :
A—zN (I'=115MeV)

p—>ar (I'=150MeV)

1o(nN)

1

M,

\'s

(s*°—M,s)+iM,I'(s)

7 ~1/100(MeV )* 200(MeV . fm)/3.10e.10:5( fm.s—l)}

7 ~10-%5
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1.2 Quargs

Quarks:

Are sensitive to strong interaction (they are the fundamental
components of nuclear matter)

Carry fractional electric charges (e.g. Qu=2/3 X e)

Carry a “weak” charge ie can be associated in weak interaction
doublets

Carry also a “colored charge” and are associated in triplets of the
strong interaction

Are organized into 3 families (as the leptons are, probable link?)
which are ~identical but for the masses

&=z u(up) c(charme) t{top)
Q=-1 ( d(down ) ( s(étrange ) ) ( b{bottom ) )
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1.2 Quargs

Quarks are confined : they can not be observed in a free state
(extreme case: quark-gluon plasma)

Global quantum numbers are associated with the quark content of a
compound : strangeness (s), charm (c), beauty (b), top (t)...

These numbers are conserved in all but the weak interactions

u = 2 L (0,000 s - = L
¢ =8 o} b 0000 OOuG-he i
s 20— 19D -: + (-1,0,0,0) (0,0)r,(3,—3)c O %7
¢ 1150 — 1350 = I i (0,0)z, (%, 1)z i
s e L L W (i 0
t 174.3(51) i L (0,0,0,1) (0,0)m,(%,3)x 0 7
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1.3 Hadrong

Hadrons are the compound particles sensitive to the strong
interaction. They are divided into 2 categories:

e Baryons : made of 3 quarks (q,09,05)
e Mesons : made of 1 quark and 1 anti-quark (g,q,)

Hadrons \
‘ Fermioms I ‘ Bosons I
'T]

0qq q817
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1.3 Hadrong

Examples:

e proton — uud
iy neutron — udd
T 0 - - -
o s ud, ud+dd, oOd
gz ol h mesons g ———
A lambda —— udc

bl e it G 0 us, ds, SJ, us
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1.3 Hadrong

e Hadrons carry integer electric charge
e They interact weakly

e We associate a global quantum number (baryonic number),
conserved additively in all reactions and defined as :
B =1 for baryons / B = -1 for anti-baryons / B = 0 others

Why do we observe only the baryon/meson combinations only?

Why can we observe such particles as the A++ = (uT uTuh
forbidden by the Fermi statistics?

=>» Because of the colored charge : the only allowed (physics) states

correspond to “white” combinations of quarks and antiquarks.
28



1.3 Hadrong

3 basic colors: R © B for the quarks and their “anti”-colors for the
anti-quarks : R = B

White combinations correspond to :
e RCBorRCBin equal proportions

« RR BB in equal proportions
(where “proportions” means the proper anti-symmetrization)

Example: “white proton” p (u v d)

29



2. Hadron gpectroscopy

Introduction:

e 1St observation : invariance of the strong interactions w.r.t. the
electric charge (p-p, p-n, n-n are equivalent for the strong
interactions: underlying symmetry?)

e 2" observation : masses identity
m, =938.3(MeV) m, =939.1(MeV)
m . =139.6 (MeV) m ,=135.0(MeV)
m . =493.7(MeV) m ,=497.7 (MeV)

Those masses would have been probably degenerate in absence of
e.m. interactions (symmetry violation analog to the Zeeman effect)
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2.7 Jsospin symmetry

Generalization to multiplets :

Multiplet J© = 0~

Multiplet J© = 1~

Mesons Mass(MeV) Nom Mesons Mass(MeV) Nom
rt, 7V, m~  139.6,135.0,139.6  pion | pT,pY p~ 768.5 rho
K+, K 493.7,497.7 kaon W 781.9 oméga
KV K~ 497.7,493.7 antikaon | K** K*' 891.6,896.1  kaon étoile
n 547.5 eta K* K*= 896.1,891.6 antikaon étoile
n 957.8 eta prime o 1019.4 phi
Multiplet J© = 1 Multiplet J© =
Baryons Mass(MeV) Nom Baryons Mass(MeV) Nom
P, 938.3,939.6 nucléon | AT+ At AV A- ~ 1232 delta
A 1115.7 lambda | ¥*F 20 ¥*-  1382.8,1383.7,1387.2 sigma étoile
»toy0 ¥T 1189.4,1192.6,1197.4  sigma = 1530.8, 1535.0 xi étoile
=0 =- 1314.9,1321.3 Xi 0" 1672.5 oméga
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2.7 Jgogpin symmetry

Conclusion: hadrons can be classified as multiplets of ~“equal masses
particles differing by their electrical charge :

singulets : n.n,w, o, A, Q"

N P K+ f_{[] K*x+ f_{*” =0
dDUbIEtE‘ . ( n ) 3 ( KU ) 3 ( K- 3 K*[] y K*— 3 =-—
- pt Y+ Y
triplets : o N /L R D YR R D D

T p- b >
AT
_|_
quadruplets : in
A

From the point of view of strong interactions, proton and neutron
are almost the same particle. One creates an abstract space in which
strong interactions are invariant under rotations... 32



2.7 Jsospin symmetry

The conserved quantity (Noether’s theorem) is called isospin.

Isospin treatment follows the kinetic moment one’s and relies on the
group theory (SU(2) representation) :

* Inthe isospin space one introduces an operator | =(1,,1,,1,)
which commutation rules read [h, |j] =&y by

* The eigenstates ‘|,|3> of the observables 17,1,
are such that:

211 1) =11 +D)|1,1,)
L1, 1) =151, 1,)

 Amultiplet has 21 +1 eigenstates |, =—I,...,+1| (“21+1”-plet)
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2.7 Jsospin symmetry

Within such representations one has the following multiplets:

1

\P) — f=§
1 1

n) = 5' 9
Doublet

a%)
)
)

A7)

b o W W oW

Quadruplet
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2.2 Basics of Lie groups

SU(N) groups :

|ak k

Group generators : |, defined such as U(a,, a,,a,) =€
# of independent generators m=n°-1

Properties: |,/ =l,and Tr(l,)=0
# of generators simultaneously diagonalizable (rank) : r=n-1

# of Casimir operators (function of the generators commuting
with all of them): r=n-1
ex.SU(2): 12 =12 +1,2 41

The fundamental representation is of dimension N : [ X,

Structure constants defined by: [|i, |J = Tl

35



2.3 Quarfs model
SU(3) group

e 8 generators, 2 quantum numbers: I; and Y = B+S
e Fundamental representation 3 :

Y
d 1/3 u
-1 -1/2 1/2 1 E
-1/3
_S -2/3
e Adjoint representation 3 : Y
s |2/3
-1 -1/2 12 1 15

/N

u 173

ol




2.3 Quarfs model

Pseudo-scalar mesons diagram (octet + singlet):

3®3=1D8
A
sd Y Su
K" K
o ® ~ K(496)
1 +(uT—dd )
/ _ b
ud 7° - < du 2(138)
® oo » -
p i 1 1(958) 1 (549)
1
%(UU+da+s§)/ \%(uﬁ+da—23§)
¢ 4 %o K(496)
us aS
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2.3 Quarfs model

Pseudo-vector mesons diagram (octet + singlet): same quarks
content but //spin: JP =1"

Y
K*D K*+ )
°® pu K(982)
1
I
- 0 + 3
P p p p(770)
™ .‘. ° -
1 ’ $(1020) «(783)
¢’1 ¢' B
] &

K" p K* O K*(982)
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2.3 Quarks model

e Just for fun : baryons decuplet

A
Y
0
A A 5+ ,ﬂ++
® ° 1 °® ® A(1232)
|
¥* w* * 3
5 5 *0 3t
= @ ° =  »71385)
-3/2 -1/2 1/2 3/2
*- 0 -1 ® .0 E*(1534)

[1]
[1

o ®2 Q(1672)



2.3 Quarfs model

Four Quarks

Once the charm quark was discovered SU(3) was extended to SU(4) !
(a) /1 = o

(a)

1

I

Al :
weted I| o
Lclie T @

Figure 13.1:  SUAY 16-plets For the (a) peendoscalar and (b)Y vestar mesons mace

s, and o quarks, The nonets of light mesons oecupy the central planes, to which the Figure 13.2: SU) nmltiplets of baryons made of w, d, 2, and o quarks. {a) The 20-plet
have been added. The neatral mesons ai the centers of these planes are mixtures o with an SU{A) actet. (b) The 20bplet with an SU{3) decuplet.

A%, and oF states, 40



3- Fundamental interactiong

e Leptons and quarks interactions are mediated by specific gauge

bosons :
strong gluons g (8) M=0 Ug— ™ - Ur
% gluon RB
e.m. photon v (1) M=0 <
= - ??_lf?_
weak yAY M=90 GeV Ve -
W= M=81 GeV %’”
gravitation graviton hHv ? ?

41




3.1- Range and propagators

Yukawa approach:in 1935 it was proposed a link between the
range of an interaction and the mass of the “carrier” quantum.

Heisenberg inegality :

R=CAtz%E:}{n

Formally (Klein-Gordon equation ie “massive” photon
propagation equation): Uy + mzw =0
For a static spherical potential :

Jw(r)+m2y(r)=0

m 42



3.1- Range and propagators

Historically this approach led to the prediction of an intermediate
quantum for the strong interaction of mass close to:

m:% ~%ewfm ~100 — 200 MeV

The pion was then discovered (140 MeV) which can be seen as
the carrier for the residual strong interaction between nucleons
(not quarks) at the scale of the nucleus.

Its small mass is the manifestation of another symmetry breaking,
the chiral symmetry SU(2),xSU(2); .

This simple model gives an idea of the range of an interaction and
the link with the intermediate properties.
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3.1- Range and propagators

The Fourier transform of the Yukawa potential is given by :
—-r/R

where R = i
m

W (r) oc

1
G°+m’—ie

= y(Q) o

The quantity obtained is called the propagator.

Using the Green function formalism for the Klein-Gordon

equation: (J+m?)w(x)=0 where x=x"=(x",X)
=(q°-m*)y(q)=0 with g=g"=(q",q)
= (q° —m*)G(q) = 5*(q)

4
= G(q) = f (0)2 —>|Propagator=
q-—m gq-—m
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3.1- Range and propagators

What is the role of the integration constant g?

~ g -r/R
N = e
w(r) drr

In Electromagnetism we have the standard Coulomb potential :

Q and g play the role of a
coupling constant
for the interaction

Initial
state g>—m
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3.1- Range and propagators

e Basic Feynman diagram :

e The amplitude of the process writes:

1
9° A(P,. p,) 7z AP P,) 3 (s + Py = Py — P,)

46



3.2- €lectroweak interactions

ELECTROMAGNETIC INTERACTIONS

e’ 1
e Coupling constant: «,, = =
Arhc 137
oo a’,
e Example : Rutherford cross-section aquC 0’ e

e Typical cross-section ~107° m*
S on ti ~10™s
e Typical interaction times

e Photon (y) exchange, infinite range

47



3.2- €lectroweak interactions

WEAK INTERACTIONS

* Coupling constant : Oy =
d -—
e Example : neutron B-decay , { ) -
d - u
%2
e Weak interactions do not conserve the ¢ " '
- : —44 2
e Typical cross-section ~107" m

e Typical interaction times ~107°s

e Weak bosons exchange, finite range 48



3.2- €lectroweak interactions

WEAK INTERACTIONS (cont’d)

e Typicalrange: M -80-90GeV =R -10"m

e Due to the large mass of the exchanged bosons the weak
interactions can often be considered point-like

Ow
Ow ,
O’ - —> Ww__G_ 10 Gev™
W qz _ sz q°—>0 sz F
e Weinberg angle (electroweak theory) :
2 2
o, = -1 Gintg, =0.22)

Ar 4rsin®g, 29
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3.3- Strong interactions

Features

Coupling constant: o, ~1

Carry a colored charge gluon RB
UR - - UB

Typical cross-section ~107°° m?
Typical interaction times ~10*s

Gluons (g) exchange, effective finite range due to the
confinement R ~107°m . Asymptotic freedom.
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3.3- Strong interactions

Features (cont’d)

Residual interaction (at the nuclei scale) :

J couplings between gluons :

gir.g)
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Towards unification ?

e Coupling constants vary with the energy

80 80
-1 -1
60 0 60 O,
40 40
-1 1
o, Uy
20 20
-1 1
013 [13
0 0
In My, In Myy
In M In
nQ Teu nQ Vreu

e Atlarge scales all couplings become nearly equal.
e Insome “beyond Standard Model” models (SUSY etc) this occurs!
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