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I.1 Particle physics as an explanation of the world

Always, mankind has tried to understand the world that surrounds him:
How did it form? How is it organized? What will it become?

Mesopotamia 'Egypt ~ _China

SEaa—\

Aristarque of Samos

RIVN CoP

Universidad Granada The Standard Model and beyond Abdelhak Djouadi - p- 2/18



I.1 Particle physics as an explanation of the world

fThe antique Greeks started to give some naive but plausible answers:T

DEMOCRITE
|Veme siecle AVJC
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4 La matiére est constituée
de corpuscules invisibles a
cause de leur extréme
petitesse, indivisibles et
éternels.
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Mais non ! On sait TR
tous que la matiére
est constituée des
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I.1 Particle physics as an explanation of the world

But at least since Galileo, we know the language to answer these question
Galileo (among others) also gave us the two instruments which help to do it.
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The experiment in Laboratory, The observation of the sky from
from Galileo to LHC led to: then to the Planck satellite led :

Historv of the Universe

Stgucture within
the Atom

Quark

Size <1079 m

Nucleus
" Size=10""m

Neutron
and
Proton
Size = 1013 m

Size = 10""0m

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

\_ .. and the two — the infinitely and infinitely big — meet... J
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1.2 The elementary particles and their interactions

We have observed only four fundamental interactions in Nature:
‘the gravitational, electromagnetic, nuclear strong and nuclear weak forces.
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|_We have a theory, the Standard Model (SM), that describes this microc :
three of fundamental interactions in Nature (excluding the gravitational o:le)
interactions of matter particles (s_%) via exchange of force particles (s=1).

MA'T"TER- .Foncr_j

Quarks ‘ GaugeBosons

: ) H:ggs Boson ZiRre
L THE STANDARD MODEL OF*
. PARTICLES AND FORCES'

LEPtons ! 15 THIS ALL THAT EXISTS? *
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I_T he SM uses the language of Mathematics and three pillars of Physics:
A. The theory obeys the laws of Einstein’s special relativity (1905).

;,  ama® %

e The physical laws are the same in any inertial frame of reference
(not subject to an acceleration): there is no absolute/privileged frame.

e The speed of light in vacuum, denoted c, is a universal constant:
c = 300.000 km/s (or 1 billion km/h) and cannot be exceeded.

It has major implications for physics; here are some of them:
e the end of absolute time and absolute space: space-time vector x=( x.t),
e at very high speed, close to c, time dilatation and length contraction,
e only particles without a mass, like the photon, can travel at v=c,
e equivalence between the mass and the energy; at rest, one has E=mc>.
L:> At high energies (LHC), elementary particles travel at a speed at v%ﬂ
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. The theory obeys the laws of Quantum Mechanics (years 1920-193
rBo The wave particle duality: fields O)T
—electron: e = ¥ (7, t)= ¥(x)
—photon: v = A(Z,1)= A(x)
Particles non-localized: probabilistic view.
Schrodinger’s cat: dead and alive?

e Heisenberg uncertainty principle :
ATAp > Lh
AtAE > 1p

Large uncertainty possible on x, p.

= Ax-Ap > %h

e Quantum fluctuations:

during an infinitesimal time (At < %h)
possible violation of conservation laws
for energy (AE > %h) and momentum.

L Quantum corrections: emission and absorption of very heavy particles.
whatever happens in intermediate state is called virtual effect or stat
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C. The theory makes extensive use of the symmetries of Nature (aesthetical..)
There are at least three types of symmetries that play an important role in SM:

e Space-time symmetries: o
translations (¢, x), rotations, etc.. D ——=—©

known continuous symmetries. A ol e
Noether: conservation of E.. p. &, ... SRS

e Discrete symmetries:
parity-P, charge-C et T-reversal;

quantum number conservation. Sald> Od O

CPT is always conserved. @~ ™ ™

(Eﬁmzﬁg:}vl;;zm <— Noether’s theorem

¢ Internal symmetries: @ @
“rotations” in an internal space, Fay 1)
ex: proton=neutron for strong force; pov
same physics in interchange of p<->n; CN N
\_ isospin symmetry: doublet N = (E) s J
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C. The theory makes extensive use of the symmetries of Nature (aesthetical..)

e Gauge symmetries:

iIsospin: global internal transformation

transf. x dependent — local symmetry
¥U(x) — ¥(x)=T(x)P¥(x)

more general and has a huge impact.

Original Sphere

Prototype of symmetry: Quantum Electro-Dynamics (QED);
invariance under local phase transformations: U(1)q group;
e transf. of electron field: ¥ (x) — ¥/(x) = Q™)WY (x),
e transf. of photon field: A (x) - A'(x)=A(x)— %5’,@(){).
— the physics (or system) is invariant under these transformations,
—> the quantity conserved by the symmetry is the electric charge Q,
—> once symmetry group chosen: interaction and nhumber of bosons fixed,
— the invariance implies massless gauge bosons (like photons).

Gauge Theories: aesthetical/geometry, simplicity/minimality, predictivity,
should possibly be extended to all known interactions!
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r‘[he Standard Model describes the electromagnetic, weak and strong inte.rTction

The e|eCtI'Omag netiC intel'aCtion (QED): Particules de: matiere (s=1/2) force (s=1)

3 familles de fermions bosons-jauge

— subjects: electrically charged particles

— mediator: the massless photon, quark up - |quark charm quaﬂ;mp el
C— 3u 3C 3 g
—conserves P,C, T... and of course Q. | =~ | =~ |, 0
. . m—s| ~5 MeV 1.6 GeV 172 GeV 0
The strong nuclear interaction (QCD): ot donn ek st ottom| [ proton
— quarks appear in triplets q,q ,q, 'd s 'b g
— interact via the exchange of color, e | ey | abeer || %
— mediators: the massless gluons, [ eutrino ¢ | neutrino i | 7 neutrino || boson Z
— conserves P, C, T and color number; Ve Vi Vr /A
— color=attraction = confinement. N N N s Gev
Nuclear weak interaction: electron -\ - mmon e bosons W
e 0 T Wi
— subjects: all known fermions; 4 4 4 4
0.5 MeV 0.1 GeV 1.7 GeV 80.4 GeV

— mediators: massive W™, W, Z
(only interaction with short range),
— does not conserve parity: {1, # fR;
(ex: there is no 'R = I massless);
— does not conserve CP: np > np.

Electromagnetic Strong

" Electroweak) Interaction

Mass - Energy Flavor Electric Charge Color Charge
All Quarks, Leptons Electrically Charged Quarks, Gluons

viton -
(not yet observed) w+ w- 20 Y Gluons
10-41 08 1 25
=t 10-4 1 60
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ﬁtandard Model based on SU(3)c xSU(2), x U(1)y gauge symmetfyT
oT

he local SU(3)c symmetry group describes strong interactions:
e strong interaction between q,q,q which are color triplets of SU(3),
e mediated by 8 gluons, which correspond to 8 generators of SU(3).

e SU(2)r, x U(1)y is for the unified electromagnetic+weak interactions:

e acts on quarks/leptons of isospin Left (doublets) and Right (singlets),

(Je>ers (Jps umodr, -
idem for the other families; neutrinos are massless — there are no R ;
e mediated by the bosons W, W5, W5 generators of SU(2) and B of U(1):
(W;,W5) and (W5,B) then combine to form the (W*,W~) and (Z,7v) bosons.
Major problem: the photon is massless but the weak bosons are massive!

Naive inclusion of a mass for W/Z bosons and also fermions breaks inva-
riance with respect to gauge symmetry and loss of nice theory properties.

Former major problem of Particle Physics: how to generate these masses?

Ethe Higgs-Englert-Brout mechanism of electroweak symmetry breakingﬂ
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ﬁow to render a gauge boson massive without violating gauge symmetry&T
Recall:

e Photon: massless spin-1: . .
two degrees of freedom ., B, - ?
or transverse polarizations. —

e Massive boson of spin-1:

three degrees of freedom (x,y,2): d 0 0 }'(“‘,‘;“f‘;f,:::;’)“’
I.e. +longitudinal polarization. v sl = 1.0, +1

e Scalar boson of spin-0: - -

has no polarization at all: 99
one degree of freedom... .
“Trick™:

to make a massive spin-1 particle
(with three degrees of freedom):
make absorb a scalar (one dof)
to a massless spin-1 (two dof). ‘
The “longitudinal” component
of W/Z bosons can be scalars,

All of this is done without altering the symmetry... J
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Question: how can one do that in practice for the weak interactions?

— Total energy of a system = kinetic energy + potential energy. T
— Least action: minimal energy = at rest and minimum of potential.

¢ In general the potential is a well:

the minimum of @ is called “vacuum”

(at the bottom of the well in this case).
Everything is still symmetric...

e Imagine now a different potential,
like, for instance, this Mexican hat:
symmetry = &P on top of the bump;
non-minimal and costs some energy.

e Potential energy minimal =

® at bottom of the potential well.
Minima in a circle of radius v called
non-zero vacuum expectation value:
“spontaneously” broken symmetry.

e Look at phenomena from the point of equilibrium = true vacuum.
zero vev or symmetric: field ¢ is real and the “photon” massless.
Lnon-zero or asymmetric phase: ¢ absorbed and “photon” massive! J
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Application to the weak interaction:

e we have an SU(2)xU(1) symmetry, o
1 gauge boson for U(1): B field, =

3 gauge bosons for SU(2): W{,W,,W3,

all four bosons are non-massive.

e We need 3 spin-1 massive bosons: ‘ @

i.e. > 3 degrees of freedom more. >

Most economical: scalar complex field.

SU(2) doublet: 4 degrees of freedom.

B (o)) (i LTI

e Spontaneous symmetry breaking:
= £ome scalar fi\élds areyabsorbeg e@
Wi, W,oH" H" =W W~ L
comb. of W3, B ® H? = Z @“y
comb. of W3, B, still hungry = ~ .
e But one scalar field is not absorbed, ( < /
it remains a physical field, a new state: @ N66S
—> it is the Higgs boson! ’ J
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I.3 The Standard Model for Pedestrians

f Another (more “colorful”) way to see things: T
A?wp:s:m{ Jo'—Part cle o
The field P fills all space: glves inertia, confers a mass!
(exp.value=0 in vacuum) (slows down....) (inertia = mass)
e The field ¢ and the gauge bosons: tiee ) (_rj

—-V_

— interacts more with W=, Z =: very massive!
— does not interact with 7 —>: stays massless.

e It does the same thing with the fermions:

— interacts more with 3d than 2d than 1st families;
— interacts much more with top quark: very heavy;
— interacts little with the electron: extremely light;
— does not interact with neutrinos: non—-massive.

e The Higgs boson also interacts with itself: SH )¢
L — the Higgs boson is a massive particle, «,as J
— but the theory does not predict its mass. o2
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To recap: the Standard Model is base on three pillars:
f. it is a theory that obeys to special relativity and quantum mechanics;j
e a theory based on invariance with respect to gauge symmetries;
e uses the Higgs (or HEB, or EWSB) mechanism for mass generation.
and before then advent of LHC, had only one unknown: the H boson mass.
e The theory is mathematically consistent: easwomert {0301
—> can make extremely precise predictions. o eimasonm s
e Multiple experiments since 5 decades, A oorriesaooms oorais
—> tests with extremely high accuracy.
e Predictions match measurements at 0.01%:

—> an extremely satisfactory theory!

0.21629 £ 0.00066 0.21579 ==
0.1721 £0.0030  0.1722
0.0992 +£0.0016  0.1039
0.0707 £0.0035  0.0743

0.923 £ 0.020 0.935
0.670 + 0.027 0.668
(SLD) 0.1513 + 0.0021 0.1482

> > > > > T 1 >
¢ & gogod o Fo
5% o =

my [GeV] 80.399+0.023  80.378
Iy [GeV] 2.085 +0.042 2.092 m
m,[GeV]  173.20 +0.90 173.27

0 1 2 3

WANTED . _
10 years ago, only remaining problem:

Higgs Boson ] . .
o ettt e verify the Higgs mechanism,

e discover the famous Higgs boson

\— e or the ingredient that does its job..j
LHC was just devised for that!
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