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Elementary particles and their interactions
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“Furthermore, among bodies some are compounds, and others
those of which compounds are formed.

And these latter are indivisible and undlterable (if that is, dll
things are not to be destroyed into the non-existent, but
something permanent is to remain behind at the dissolution of
compounds) : they are completely solid in nature, and can by
no medns be dissolved in any part. So it must needs be that
the first beginnings are indivisible corporeal existences.”
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Epicurus’ letter to Herodotus (a student of Epicurus)
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Quantum nature of actions/interactions at a distance

-

Newton, in a letter to Dr. Bentley : «That gravity should be innate, inherent, and
4 essential to matter, so that one body may act upon another at a distance through
Z a vacuum, without the mediation of anything else, by and through which their action
f = and force may be conveyed from one to another, is to me so great an absurdity
/ - that I believe no man who has in philosophical matters a competent faculty
2

of thinking can ever fall into it.» v
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Exchange of bosons induces interactions
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Quantum nature of interactions

A free electron constantly and
randomly emits photons which
get reabsorbed a moment later.

electron

proton

The same is true for a proton Interaction takes pl\c\:;srcl:e when the photon

randomly emitted by one is randomly
cdught by the othel

//M



Quantum nature of interaction

but : ApAr:h and At=—

[/r? behavior of the exchange force |



Qucmtum nature of mtemchons :/
A

’ : 'We have experimental confirmation that nature proceeds this way for three
of the fondamental interactions.

‘Gravitation has no proven microscopic theory vet | General Relativity is
geometric theory of the macroscopic spacetime.
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Interactions unification ? Historical approach.

Céleste

Gravitation

Universelle
Newton (XVIIE),

: - a g
Graviton? Terrestre . -;:' Einstein (XX®¢)
Galilée (XVIIE)

Magnétique

c - Gravité ?
Electromagnétisme -
Maxwell (XIX®) Quantique

Modéle

Electro-
faible

|

Ef‘,l,'i’;'go@) o Unification

(SuUsYy, ..)
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Nucléaire i
Rutherford (début XX®) -~
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Interaction strengths

Gravitation :

Gravitational potential energy of 2 protons separated by a distance r = | fm (107 m)

2 G,=6,67310""m’kg's~*

m _
VG:GNTp:1'310 *GeV 1GeV=1.610""7

7 4 To be compared to binding energy of atoms of the order of | eV to 100 KeV
: ? Hence, gravitation does not play any role in today's particle physics laboratories
&
_ f Gravitation becomes dominant in particle physics when
o hic _
v ; M_)MPlanck:;=l.21019GeV or I'_)LPlanck:—_:l 610 33
o '. aY; (GN) MPlanck
__._-:-"-" Planck mass or Planck energy scale V@ry eClr‘|y UnV e or blGCk hOI@S Planck length {
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Interaction strengths

Electromagnetism

Electrostatic potential energy of | proton and | electron separated by a distance r

2 2 Aic=197MeV fm
1 e e hic hc

.o a=1/137

N — ==
™M 4ne, r dmehc T r

o Fine structure constant |
Ve, = MeViorr=1A

Main interaction between nuclei and atomic shelves
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Interaction strengths P
Strong interaction "’:/

Electrostatic potential energy of 2 protons separated by a distance r = | fm

typical nuclear dimension

g P hc=197MeV fm
1 e e hic hic
Viu= = =0l a=1/137
4me, T 4mejhic 1 r

\/EM =4 MeV forr=1fm

Fine structure constant

This is a repulsive interaction | So nuclei could not be stable if there were no other
interactions | Moreover neutrons (neutrdl particles) are bound with protons in nuclei.

Strong interaction binds neutrons and protons in nuclei with a typical strength wich is
100 times that of EM interaction. It is not sensitive to electric charge.

4.



Interaction strengths

Weak interaction : (responsible for beta decay of free neutrons or unstable nuclei
but also thermonuclear energy production in the Sun)

has approximately the same coupling constant a as EM interactions but proceed

by exchanging massive bosons (W and Z). So effective strength is quite reduced.

aw=ﬁ=10‘6GeV‘2 a=1/137 M, ~80GeV

Virtual massive boson exchange
hc hc

AE cAt=hic=AE Ar = Ar=—— = Ary=-——=210fm
AE RN
Very small interaction range at low energy

Z £ v _GE e Mwt/fic  becomes ds big as EM if - r<210’fm or E>80GeV
' r * W_

7 ; Yukawa potential energy with virtual boson exchange.

Proceeds at a scale which is much smaller than size of a neutron or a proton | Hence there

mu t exist a neutron/proton subscale

4 IA&/W A e PP

.




As of today in particle physics labs, relative
interaction strengths are
10 Vo O SO

for

Interaction strengths olnd umﬁcatlon ?

Coupling Constants of Fundamental Forces

Experimentally proved
1 (_“ﬂ

TeV{(LHC)
| Supersymmetry?

GUT.-~"~ Sk,

gravitation / weak / EM / strong

strengths evolve as function of energy

Because of “quantum vacuum polarization” effects, interaction

-

: Supergravity
\ Superstring
(] 1

200 GeV 104GeV  10¥GeV |
10k 109k vk T
* )

Impnssihll-:v experiment
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3 bc;son Q=0 () and theu" mteractuons

isospin = \ /

neuf”ﬂo f ® W boson, Q = |e]| , isospin = |

Q=
|sosp|n = I/Qﬁ 1

elec’cron
le| , isospin = -1/2

x% O photon

s m—

b
W~ boson o '
Q 7 —.lel C @ W boson , neutrino -> electron
isospin = -| @ 7% boson, neutrino -> neutrino , electron -> electron
©O W boson , electron -> neutrino
O photon , electron -> electron weak interaction

electromagnetic Interaction

. : , beta radioactivity, 4p->He transformation
electricity, magnetism and optics

“in the Sun ..



Z° boson Q
Isospin =

u (up) quar

i

AR, N TCIUry DUTLICICS 2o A A

Q =2/3 |e| ‘ f @ W' boson, Q = |e]| , isospin = |

isospin = /2
‘ d (down) quark , g= -1/3 |e| , isospin =-1/2
- X% O photon
W boson Q=0
Q = -|e| ‘ @ W boson, uquark ->d quark
isospin = - @® 2 boson, u quark-> u quark ; d quark -> d quark

O photon , quark u -> quark u ; quark d -> quark d
Electromagnetic Interaction

i lahd

and their interactions

; o
w7

@ W boson, d quark -> u quark
Weak interaction
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oo ‘quark Quarks and Quantum Colors

: \
Z
@D red & anti-green (magenta) gluon
? L ququ ﬁ 3 quantum colors : red, blue & green
iy .5 @
f s0spin = | /2 quarks are mono-colored
‘ blue d qUGl"k gluons are bicolored or
% white (sum of colors)
> x @D blue & anti-green (magenta) gluon
" ‘ green d quark
@D red & anti-green (magenta) gluon @ green & anti-blue (yellow) gluon
# @ red & anti-blue (yellow) gluon @D green et anti-red (cyan) gluon
@D blue & anti-green (magenta) gluon O @ white gluon |
@ blue & anti-red (cyan) gluon @@«  white gluon 2

Strong color Interaction : Gt sromo Dynamics

P 7 sad i sans 2 VP
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electron

#
Z p Q=0 ne@no
| ? B oo
o0
Q=- |e|

’ p isospin = -1/2 Q

; S electron

- q u quark
74 ﬁ u & =273 le| ‘
? 5 isospin = /2
T g
V Kk isospin =-1/2

g d quark

2

V. 77 /’I’J‘;r/fMiM 5 ,;;// /,,

[ i . A . A ahod

T T - S ——— m-—m’r

Elementary particles

muon
neutrino  taune utrmo weak bosons

Q Q Phaton
muon tau
¢ (charm) t (top) Gluons
%k quar
Weak
‘ Q Interaction
s (strange) b (bottom)

Electromagnetic Interaction
e OlUC”'k Strong color interaction
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of Matter (Fermions)

electron
neutrino

=0.17 MeW

0
15 V u
muon
neutrino

=15.5 Me\

0

v V1
tau

neutrino

0.511 MeWw

-1
. €

electron

105.7 MeW

-1
Al

muon

1.777 GeV

-1
v L
tau

- AT — -

All these fundamental

particles have their

antiparticles ( same mass

and same spin, but opposite
electrical charge and

opposite quantum numbers)

that may be identical if the particle
is neutral : eg. photon, Z..

Fundamental means, that they have
no Known substructure

To learn more on elementary partlcle propertles http: //pdg bl gov/




Hadrons

These are all the bound states consisting of quarks and anti-quarks. Hadrons
are not colored : they are color singlets : in other words, they are white.

One can show that only the systems containing a quark and an antiquark (qq)
or three quarks (qqq) respect this principle.

This situation is analogous to what is obtained in the additive color synthesis of light,
where white is obtained by adding the three primary colors (RBG), or by mixing one of the
three primary colors with its complementary color (G and M, R and C, B and Y).

qq systems are called mesons, while
qqq systems are cdlled baryons.

N\



d, s and ¢ quarks

Spin 0
scalar
mesons

Spin |
vector
mesons

Mesons Baryons
If dll these quarks had the same mass, and if one were to neglect their electromagnetic

f Interaction, all properties (madss, spin...) of these hadrons in a given multiplet would be [dentical J g
20 /
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Mass

Initially all elementary particles are massless,

but in physics, mass is found almost everywhere,
P=mg  gravitational mass Galileo

F=ma inertial mass Newton

E=vymc®> mdss-energy equivalence Einstein

All these masses are identical.

Generating a particle proper energy automatically creates an inert and gravitational mass.

7 .
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Masses of elementary particles

. Tour quantum universe is symmetric under
U(l), x sU(2), x SU(3), local transformations , then all elementary

particles must be massless (and a neutrino is redlly a neutral electron).

We believe this might have been the case at the very beginning of the Big
Bang (BB)

But this is not true anymore : all matter particles & weak interaction bosons
dare massive. Only photons and gluons remain massless.

..-'_-__z
o B
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Masses of elementary particles
Solution : masses of elementary particles might result from weak interactions
between new spin 0 (scalar) fields (called Higgs fields) and elementary
particles.

At the very beginning, all Higgs fields had zero mean values in vacuum and then
no Constdnt mdss term Wds generated.

After a phase transition that took place ~ 0.1 ns after BB, due to self
interaction, the neutral components of the Higgs fields developed a constant
non-zero medn value in vacuum, and provoked the appedrance of mass terms.
A bit similar to Meissner effect in superconductors and Debye effect in
electrolytes.

.
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Masses of elementary particles

This mechanism was put forward in (963 by Englert, Brout and Higgs

What we commonly call the Higgs boson is the quantum excitation of the
neutral Higgs field (like the photon is the quantum excitation of the EM field).
It's a massive spinless & neutral boson.

Because of the nature of the mass generation of elementary particles, the
direct coupling of the Higgs boson to a massive particle increases with its
mass m.

Indirectly, the Higgs boson also couples to photons and gluons through quantum
loops.

24
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Masses of _élementary particles in cartoon

Everywhere in space, one finds d
new field : the Higgs field

RN

The Higgs field gets polarized
around the particle, generating
a mass term.
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o -The Higgs boson

7

:..-"'

AWM T

The quantum perturbation
propagates and almost
’ instantaneously decays
into elementary particles.
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7

Englert, Brout & Higgs mechanism

The explicit parameter m was eradicated from the fundamental equations of
physics ; dixit Frank Wilczek (Nobel prize 2004)

Mass is an acquired property of particles

Shortly before the phase transition, our Quantum Universe could have been in
a false vacuum state. Its pressure would then have been negative and it might
have been subjected to an exponential space expansion : this property opened
the way to inflationary cosmology even though the inflation of our Universe
took place much earlier than this.
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Higgs boson a very sumple partlcle /

7 . No electrical charge
~« No spin (proper-rotation)
o Almost simpler than a photon

e Butan unpredicted mass that turned out to be equal to that of a cesium
dtom

e Then was very difficult to produce and observe because highly unstable

And a réle which is a bit obscure



o L b s

Proton is sort of microscopic P t
bubbling of quarks and gluons roton
5 orders of magnitude smaller
than the size of an atom.

G

& e

N Art
4\ Catherine g
f A Chariot .

Simulation

The proton structure is more ,
complex than that of a star J
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Feynmcm d|agrc|ms - the interface language between

theorists and experimentalists

otal angular momentum

lectric charge Quantum field theory
“* quantum numbers provides the rules to
, compute the probabilities
~Interaction by particle exchange (cross-sections ...)

example : electron-electron scattering

Probability of
interaction

2 e 2
P=A[l(e.e)v(e ) do
Transformation Allowed time arrow
Normahzatlon factor probablhty

g o

conﬂgurahons
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Neutrino-electron scattering

Ve Ve Je

e I

cC c~ \)e

Both happen at the same time and are indistinguishable. Quantum interference like
double slit experiment.



Solar neutrinos : smoking qun of Sun's energy production’

processes

Photons take a long and tortuous path

w. 200,000 years
. Photon

Sun mainly burns by
transforming protons into
helium nucle;.

=
ta

events/day/kton/bin

o1

o 2002 : Raymond Davis - Masatoshi Koshiba

2015 : Takaaki Kajita - Arthur McDonald

=
ha

Super-K Solar Neutrinos - 825 days

-1 -0.5 0.5 1

o
cosine theta-sun

1_
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W boson production on p p collider

Tevatron at Fermilab USA

D E collision energy : 1.96 TeV

p
/
7 4




Fig. 5. Comparison of this CDF SM

Il measurement and past My, Do | 80478 + 83 .
measurements with the SM
expectation. The latter includes CDF | 80432 £ 79 o
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum L3 80270 + 55 —8——
corrections, as well as the

DELPHI 80336 = &7 —

= PAL = .

A A uncertainty (4 MeV) from other 0 80415 £ 52

/ . global measurements used as ALEPH 80440 + 51 ——
input to the calculation, such as _

_ :r m,. ¢, speed of light in a vacuum. Dol 80376 + 23 | POSSft>|y in conflict
/// f ATLAS 80370 £ 19 —- with M value |

o : CDFIl 80433 = 9 -
‘r Apr|l2022 b v b v v b e b b by

70000 80000  BO100 80200  B0300 B0400 80500
W boson mass (MeV/c?)

)

4 | https.//www.science.org/doi/10.1126/ science.abKI78|



Gluon exchange

u u

Basic process that
glues all hadrons
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Proton
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The simplest stable nucleus (hydrogen)
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qu nucleus /
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Strong interaction’s the pillar of bound matter. Without nuclei no atoms !
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Energy materialization |

An antiparticle of positive energy that
e“" propagates backward in time appears
ds a particle of negative energy that

V is going forward in time |
.2 0
E=ishe=s
ot

Y if EXOwhendt>0 < E>0whendt<O

A materidlization of that sort (involving other processes) took place at the very beginning of the Universe
B i<« 0lns |)

o
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Electron-positron annihilation

1
Underlying process of Positron Emission Tomography : imaging of metabolic activity #
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Positron Emission Tomography
Les différentes étapes

d'un examen TEP

Une heure avant 'examen,
le patient regolt une injection

d'un produit radiopharmaceutique,

le FOG (fluoro-désoxyg lucose)
marqué au fluor 18 (isotope
radicactif de I'oxygéne 18,
produit dans un cyclotron).

Lin examen corps entier (cou,
thorax et abdomen ) dure une
petite heure. Le TEP-scanner
ameélione la qualité des images
clinigues et permet de les
sUperposer avec des images

anatomiques pour mieux localiser

les tumenrs,

g;

=S

ﬂn

Intégré dans FDG et injecté au patient

HO
/%
HO OH
@
BTN
1

['#F] - fluoro-désoxyglucose

& JL
Production

de fluor 18

b =
)

Images

" Images

P

cliniqgues  analomigues

Scanner TEP I

”
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Bound state
of 2 quarks




CosmiC rays

Pierre Auger
Observatory
in Argentina

Loma Amarilla

Los
Morados |

{[km]
—160

50

40

—130

20

10

Flux (m? sr s Gev)”

[womod: Bmnrdy

1 particle per m* - second

. Knee .
*, (1 particle per m* — year)

Ankle a
{1 particle per km® — year)

10"

.;015., -
Energy (eV)

|
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Muon decay | o7
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Neutron decay

VAN A A -

T —
d >

W e~ r

m ¢ >m —_—

Beta decay takes place at the quark level !




Tau decay into 3 pions

.




Exercises

o Write a Feynman diagram for :

— quark-antiquark pair production at a electron-positron collider
— W boson production at a proton-proton collider

— photon-photon scattering

— proton-neutron long-range interaction by exchange of a pion

— muon neutrino elastic scattering on an electron

— anti electron neutrino elastic scattering on an electron



Solutions quark—anthuark production at ee’ Colhder
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Solutions

W production at pp collider
\Mc':\ﬁm'c.

cecoll

SATLAS

}l EKPER!MENT -

W-ev candidate in
7 TeV collisions
p.le+) = 34 GeV

nie+)= =042

E; ™" = 26 GeV

M =57 GeV




Solutions : photon-photon scattering

Observed at LHC in 2018.

EXPERIMENT

51



Solutions : neutron-proton interaction by pion exchange




Discovery of weakK neutral current in 1973 by Gargamel collaboration.
First proof of electroweak unification. J
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Particle accelerators

A ma A
GC:;I:;; o /§J ® A positive electric §
i charge accelerate
falling while des.‘cending
61 e = Z an electric
field | eV = energy acquired %ﬂgemted by
by a charge |e] \J v a static or
.~ descending | V dynamic
‘ LHC : produces 7 TeV protons voltage drop

Beam energy stored in LHC =~
Kinetic energy of ABQO
ﬂyng at 660 km h'' but



A
Accelerators

To Keep a 7 TeV proton on
a 8 Km diameter orbit, a
84 T magnetic field is
needed.

A charged particle

is Kept on d

synchrotron circular
orbit by a magnetic force
force exerted by
electro-magnets

LHC comprises 1232 15 m-long superconducting
dipole magnets cooled to 1.8 K.
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" Earge Hadron Collider

7 TeV proton + 7 TeV proton
It TeV collisions

.....

:
Z

RN

Started operation in 2008
/ Expected to run till 2035 at least
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Collaboration of 3000 physicists (1000 PhD students) working in [74 universities and
laboratories of 38 countries
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Detection principles on particle colliders

o
Key; Muon
Electron
’ Charged Hadron (e.g. Pion)
’ Il ]l — — — - Neutral Hadron (e.g. Neutron)
s @ m===- Photon

" 3
"
/I Transverse slice
¢ y

through CMS

~i
I~

A

Silicon
Tracker

r" Electromagnetic
Calorimeter

Hadron

Calorimeter Superconducting

Solenoid

Iron return yoke interspersed
with Muon chambers

om im 2m 3m 4m 5m 6m 7m
’ | 1 | 1 1 | 1 |
- - — e —— e — -




proton

Production of a Higgs boson

gluon

antiquark
Higgs boson

proton

6l



G gl

Hl
ggs boson deca
Y

W boson

W boson



H|ggs boson decaying into two photons

Pl L EXPERIMENT
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CMs

= CMS Preliminary —e— S/B Weighted Data
Fove _ 1 S4B Fit
:_ :,2 : ; szl t: g‘; 12_1 Bkg Fit Component

T T T
Selected diphoton sample
L] Data 2011+2012
Sig+Bkg Fit {m"_1 26.5 GeV)
Bkg (4th order polynomial)
ATLAS to be approved

Vs — 7 TeV, _[Ldt —48f"
Vs —8 TeV, _[Ldl -13.0fb"

T
"
[
s
L

+ ++
o Tse

L
140

=

m,, (GeV)

The same particle is observed with more than 5 sigma significance in two
different detectors operated by two independent collaborations..

2013 Nobel prize : F. Englert and P. Higgs




Higgs boson mass

High mass resolution channels : h = Z2Z >4 ; h > yy

. L LS Tl
@ Data

- ATLAS Preliminary -
| H—> ZZ* — 4l Bz

- 13 TeV, 79.8 fo’! B zets, i, iV, VWV
B W Uncertainty

[ e R R T T [
¢ Data ATLAS Preliminary
[ — Signal + background Vs=13TeV,79.8 b

===+ Continuum background  my, = 125.09 GeV
In(1+S/B) weighted sum, S = Inclusive

—

o

o
@
=]
S

[0}
o

Events /2.5 GeV
Sum of Weights / 1.0 GeV
S
o
o

D
o

N AN

P2
o O

n

Data - Cont. Bkg

1 +¢++' ! ¥ ?’Y+"+‘?'¢ +f i

T B T R - B 7T S T R T
90 100 110120 130 140 150 160 170 m,, [GeV]

m,, [GeV]

i_+ AR t NV

==
T

P
=]

A A
TS

m, c = 12509 + 024 GeV two per mille precision already !




Is it really the Higgs boson ?

ATLAS

/s =7 TeV, 4.5-4.7 fb* Z.
/s =8 TeV, 20.3 fb* ,.f
W

It redlly seems like it.

t .
7

T II]III]

t
1 IIIIIII‘

coupling-strengths to other elementary particles
— Observed agree with SM expectations.

--- SM Expected

T T
1 |||II||I

T T
1 | |||||||

: 10.3 m
- coupling to
Other elementary 'I"I’;‘I‘ll’ 1 | || | L1 1it1 || 1 111l || 1

 particles 10? 1 10 10

Particle mass [GeV]

T T TTTTT

—_—
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4 Production of Higgs boson pairs rf-,
o . |
r bal B f Cal, . ) b
| > @ PR |
v - T J \f\ N
s

(0,9)

But interference of these diagrams is destructive.  Higgs boson self-coupling related to phase .
I\/\ore than 3 orders of magnitude less probable transition of spacetime, 0. ns after Big Bang{
_than single h production.

" Main objective of High-Luminosity LHC

SRR,

-~

P S



Universe history and its content
The evolution and the structure of Universe depend upon its content |

Dark Energy
Accelerated Expansion

Afterglowvw Light
Patterm Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

Quantu g
Fluctuations

T1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

From observations of the evolution and the structure
oo ey of our Universe, we can infer that as of today our
S0 e ordinary matter (us, planets, stars, galaxies ...)
account for only 4 % of Universe. The essentidl eludes us ...

Will LHC be capable of producing a bit of Dark matter ?

>

68
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Supersymmetric particles

r Particules -

Z 9\5
D= 3

f— Particules " ombre™
L‘ SUuperSyYInceirigues ___ﬁ
Each existing elementary particle would have a supersymmetric partner
of much heavier mass, hence never produced till now by accelerators

If one of these particles were neutral, stable and weakly interacting with matter,
it could then constitute the missing Dark Matter (25% of Universe density)

69



LHC

HiLumi

LARGE HADRON COLLIDER

HL-LHC

splice consolidation
button i

7 TeV 8 TeV

R2E project

experiment
beam pipes

75% nominal Lumi

EXd

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

13 TeV

nominal Lumi

cryolimit
interaction
regions

2 x nominal Lumi

PROTOTYPES

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

pilot beam

2 x nominal Lumi

13.6 TeV

inner triplet
radiation limit

CONSTRUCTION

Run 4-5...

13.6 - 14 TeV

HL-LHC
installation

ATLAS - CMS
HL upgrade

energy

oo Lo [l o

integrated UL
luminosity EEOTE {3

PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION

/

EXCAVATION

BUILDINGS

‘ INSTALLATION & COMM. H”




Particle physics long term issues

“The masses of the quark & leptons in this theory have so far had to be
derived from experiment, rather than induced from some fundamentadl
principle” , dixit Steven Weinberg

Grand unification of interactions (Strong + Electroweak) ?
Preponderance of matter over antimatter in Universe
What s dark matter made of ?

Quantum gravity ?




In Japan (2030 ?)

e*e” collider
250-1000 GeV
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e*e” collider

CLIC

]
q
\ .S
A =
O
&
(o
e
-
O
(@
(G
U
1 l_lL
\ CH
I. —
(G
N\ O
P
=
, b |
.,. .
O
=
E WCRHEE
o Z39F3
6 0 509"
52000
woa Jddad
© 5000
_m
o

7

.

Rk

T




N

RN

AT A e s

——

Chinese Electron Positron Collider : CEPC

e*e” collider - 240 GeV
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Discrete symmetries

e C : charge conjugation : reverse dll particle « charges » : electric, strong
color, weak isospin ...

'

e P :parity :space inversion : T5—7,p>—p, but L>L and S»S,E>—E,B>B |

%

~_* Electromagnetic and strong particle processes are C, P, T invariant

T : time inversion : reverse time flow : $%,t>—t,p>—p,L>—L and S>—

SRR D,
[ ]
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CPT theorem

e Based on the Lorentz invariance principle (special relativity) and the spin-
statistics theorem (integer-spin particles (bosons) may occupy same
state, while half-integer-spin particles (fermions) all have distinct states),
one may show that dll particles are CPT invariant.

~* This is one the most fundamental theorems of (particle) physics.

e As a consequence particles and their antiparticles have same mass, spin,
life-time and opposite charges.
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Parity violation by weak interaction

e In the 50s it was put forward by T.D. Lee and C.N. Yang that weak
interaction (maximally) violates parity. It was soon after confirmed
experimentally by C.S. \Wu

g

1957 Nobel prize
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Pamty wola’uon by weadK interaction

C.S. WU's experiment S =5 T

GOCO

ol

Parity
e
. j" S, =5 T
:-f 0Co
-
2 ~ betlg decay of *“°Co —>I

60 / i B : :
Co> "Ni+te +V,  Ag weak interaction only couples to left-handed neutrinos
and right-handed antineutrinos

/ P odL . kit P
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Charge ConjUgalsondnd violation of weak interaction

|

C and P are violated but
CP seems conserved

CP







B meson production on e*e” collider
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SuperKEKB and Belle II in Tsukuba (Japan)

e+ 4 GeV36 A

lllllllll

Damping ring

billions of BB pairs
expected




Vub;éVzb induces decay probabilities difference

Experimentally P(B »K D,)—P(B"2K"D,)
P(B K D,)+P(B*>K'D,)

g g

=0.139+0.009
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CKM quark mixing Matrix

Cabibbo, Kobayashi and Maskawa matrix

mass eigenstates
(d A (Vud Vus Vub | (d\'/
§'|=| Vog Voo Ve | |8

Ccs

\br/ kth V Vzb) \b/

s

weak —
eigenstates

- If 3x3 (3 particle generations), a complex phase is possible ! M. Kobayashi and
T. Maskawa

2008 Nobel prize

y
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The strong CP problem

' It's related to why the neutron electric dipole moment (nEDM) is so small.

Classically - .
’ =Yg |d. |~10""V1—cos® e.cm

107
1 950 1960 1970 1980 1990 2000 2010 2020 2030

https://doi.org/10.48550/arXiv.1812.02669
Year of publication

A priori 1 0<6<2n s owrewm ]
{ ;g: Ll : E'I\IEIBN;AL |
o ' But experimentally : 3 ™ v reDuatpsi
z / ' d,/<1.8107% : °s
B NG J<1.8: e.cm . S
<7 e E—
? f that implies © 6<2.5-107" & !
L“'.' 18: &&\\@iﬁ@i\b\\\\&\\\\\\\\\\\\\\\ﬁ
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The strong CP problem : nEDM

nEDM is necessarily collinear to neutron spin |

nEDM breaks both P and
T then CP as CPT is conserved

7
g”
F
%
2

o
/ But weaK interaction processes
_,_f break P and CP |
Z S
However the CKM contribution :
would amount to only '
d [~10"""e.cm #
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L /
The QCD CP problem j
QCD features possible CP violating terms that induce measurable contributions to bound states '/
like the neutron. If introduced in theory, the QCD nEDM value would then be I 4
|d,|~3.6107°80 e.cm where 0 is an unconstrained angle :  0<B<2m
But according to experiment 6<210"" This is the QCD CP problem.

https://arxiv.org/pdf/2105.01406.pdf
The most popular solution to explain why nature favors this small value is the R. Peccei and

. Quinn mechanism. A new U([) global axial symmetry is introduced. After breaking
of this PQ symmetry in the very early universe, a massless Goldstone boson |
appears that couples to gluons. Quark-Gluon confinement that arises later; makes '_"
it that the axion value in vacuum exactly compensates the © contribution. A
In passing, the axion acquires an unconstrained low mass.

Axion is then a massive neutral negative-parity spin-0 particle. L .
To be noted as well, is the SM Higgs contribution to nEDM that adds to the QCD one and
f cancels out ( to the 10 level) with no appdrent connection. This is the SM nEDM broblem .
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| Search for axion
.-""-- 10710
10-°
- Light-shining-through-walls
4 o
10-° 101 Underground
’ LUX (Solar axions) detectors
fr 10—10
. 10-1
:( ’ 10-12 10-12

._.
(=]
1y
>
Haloscopes

H

%
L
=

Red giants (wCen)

it
(=]
I

—

=3

10—]3

A\ A

Ll

10¥17

Axion-photon coupling [GeV 1]

H

9
L
5

Axion-electron coupling

I

107V ) 1
10111010 10~ 10~% 107 10=6 105 10~* 10~% 10-2 10~ 10° 10!

Axion mass [eV]

10-15 .
10-¢ 10=° 10~* 10=% 102 10-! 10° 10' 10*> 10° 10* 10°

Axion could also account for dark matter if Axion mass [eV]

m, > 5 peV https://cajohare github .o/ AxionLimits/docs/ae htrl

7 o e
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GRARAL : The GRenoble Axion htALoscope project

https://arxiv.org/pdf/2110.14406.pdf

Conversion of galactic DM halo axions into photons
in RF resonant cavities immersed in very high B field.
Maximal B field : 43 T'!

GRAHAL
Expeciedgs
sensitivity




Matter dominated universe ?

All experimental observations seem to confirm that we live in a universe
exclusively dominated by matter : no trace of antimatter A sgkharoy

S )2 \bc
Yoy £ b il]

In 1967, A. Sakharov found 3 conditions to achieve this : peace prize

— Baryon number must be violated (more quarks than antiquarks produced)

— C and CP must be violated

3

_ | g . 1975 Nobel
4
4

— These processes should take place out of thermal equilibrium

#
y -
V

e There's no proven complete theory yet that implement dll of these and find
the observed matter-antimatter asymmetry |

P P oad . iy g 7 ,.,:// "y



PNMS neutr‘mo mixing I\/\atmx

Pontecorvo, Nakagawa, Maki, Sakata matrix

weak Ve Vil |Va Ve Ul (v, mass eigen
|nteraCtV Vil T U'lv,[Z(Un U,y Uyl |v,| states
states v V, Uy U, Uyl v,

If 3x3 (3 particle generations), an imagindry phase is possible !

This may lead to new CP violation processes.



Neutrino oscillations

Because of mixing

A U
and mass differences Y

e
neutrinos may oscillate

and change flayor émission q 2015 : TakaaKi Kajltd
; Arthur McDonald

Evolution libre

Because of potential CP violation P(v.—v ) (t)=|(v.(t)|v =0 .
e u e u

/4
/

. w-.\ W

détection
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Electronic antineutrinos
produced by a reactor

progressively oscillate
to other neutrino flavors
as time (distance) evolves
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v, and V,  beams

/ ;Search for CP violation in neutrino oscillations

a4 : - w # Al L

DUNE experiment
Decay pipe Dump Near Detector Far Detector
% A\

& 4

1300 km
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Hyper-Kamiokande experiment

’
B i

7 J-PARC Main Ring
{ ~ Neutrino Beamline
% =

v N:;-s\h 'F'“




Cosmology and Universe




ﬁ A century ago, we had just gone out of our galaxy by
ﬂ observational means |

4 - and
4

“ The contemporary model of atom was just emerging.



Milky Way size : 02 M ly

" h“\i‘a ‘E“ i“

Cosmological principle
Spatial distribution of
matter in the early
Universe wds homogeneous
and isotropic

A\

L

Redshift due to expansion

4° slice
82821 galaxies L a1 1+ 7
7\'O

Two degree Field survey published by Auglo-Australian Observatory in 2003

: https://arxiv.org/abs/astro-ph/030658| J
> s 9. é




Simulation

© cosmicweb.uchicago.edu

of large-scale structure formation

100




Simulation of the formation of a group of galaxies

o e
y i

© cosmicweb.uchicago.edu

10l
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Jniverse expansion

lem _| T T T | T T T T | T T T T | T T T ’|_,' | |_ ” .
- @« [-band Tully—Fisher ; ¥ 265_ o = PhYSlCQl distance
- « Fundamental Plane b i . .
- - & Surfece Brightness . X = Comovmg dlStGﬂC@
] - = Bupernovae la ol - ; g g ko
E 2x 104 - o Supernovae II _ - O(f) = SCOIIﬂg expansion factor
_Et i - g . ?
8 il 2 i If no peculiar motion : X =0
2 F L i .
] Jal a(t)
1 v(d)=d=a(t)*X=——<x*a(t)*X=H(t)*d
'.E;' D L l | | | | | | | | | | | I I I_ a(t)
a7 F 3]
= E = - '
S 122 il ¥ gy “ 1 H@) is the Hubble constant =
n =4 tim ] F s | -l
Pt - i - h(t) * 100 km s Mpc
2 40 =
mu c 1 1 | 1 1 | 1 1 1 1 1 | 1 | 1 1 | 1
0 100 200 300 400

HET Key Froject fmai Distance (Mpe]

Obtained by Hubble Space Telescope

g g




GW170817

Cosmicflows 3
Hubble Space Telescope 2001 WMAP 3yr  WMAP Syr  WMAP 7yr

- e el L

Ei & i | "t

Planck 2013 Planck 2015 Planck 2018

Chandra X-ray Observatory Cosmicflows 2 }

T T T T T T : T v T - T T T T |
2004 2008 2010 2012 2014 2018 2022




Afterglow Light
Pattern
380,000 yrs.

Inflation

Quantum
Fluctuations

Universe expansion

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

Age of universe = /R

104



Exercice

7 ‘With h, ¢ and G (the reduced Planck constant, the velocity of light in vacuum and
- the Newton Constant) at hand, by considering their physical dimensions, establish
- a time, the Planck time ;

*d mass-energy (in GeV), the Planck mass ;
- a length, the Planck length.



Soluhon of exercise
[G]=m’kg 's™* [c]=m's™"

o T
1."1.. b %
%Y \

L= hG =1.610 °m

C

k' Mp=(o=21810"kg=1210"Gev|



t<510%s, inflation - Universe scale grew exponentially , at least 30 orders of magnitude

Afterglowvw Light
Patterm
380,000 yrs.

Inflation__

Quanity

Fluctuations

Universe epochs

Density and temperature fluctuations

Dark Energywy
Accelerated Expansion

Dark Ages Development of
Galaxies., Planets., etc.

1st Stars
about 400 Mmillion yrs.

Big Bang Expansion

13.7 pillionNn years

t > 10,000 years , matter dominance , a(t) ~ t*°

t < 10,000 years , radiation dominance , a(t) ~ t"2

107



Big Bang Nucleosynthesis (BBN) of light elements

HISTORY OF THE UNIVERSE

Accelerators

®
®

~WH04 SNOINN

a
S
5
2
=
m
S
2
2
=
@
El
=
5
&)
=
G

NS T escande yacirs]
E = Energy of photons (units GeV = 1.6 x 10~19 joules)

0 o
M phoion €@ P

The concept for the above figure originated in a 1986 paper by Michael Turner.

W galoxy

Dark energy

accelerated
expansion
Structure

Cosmic Microwave 4
formation

Background radiation
is visible

Particle Data Group, LBNL © 2015

A

Supported by DOE

Fraction of critical density (%)

1 2 3 4 5
1 1 | U

c 0251 ! ]
2 024F e [ —B |
o (281
g 022 A/;:
[
=
(5]
=

104} Deuterium —
T
2 SHe
g w0 1
® 109 -
= 7Li
5 Li
do)
E
=y
==

10-19F =1

| L | Ll
il 2 3 4 5

Only ~5 % of the overall Universe density

Baryon density (10-*' g cm-3)

ds observed today

Primordial nuclei
(e S

‘He .~ 2538

(in mass fraction)

Took place when
T~1 GK

in between

| - 3 minutes
after t,

108
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Big Bang Nucleosynth65|s (BBN) of light elements

time {secomds}

] | Il 1 [ I
3E 1" 1% 107 3 % 1% 3 % 10°
temp erature {(kelvinc)

https://aether.Ibl.gov/www/tour/elements/early/abundance.gif
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.| Discovery
@ ines  Cosmic microwave background (CMB)
1978 A. Penzias .

and R. Wilson I ] | |
00r o, | COBE
T‘c; s06l. errors x 200 | (1989 - 1993 |
= %
=) COBE {,
y -, 200} .
’ = Pure black body spectrum
.. > -
2 100, T=2726K Z
— First evidence
0 1 | | 20854 of CMB
0 5 10 15 20 T anisotropy
Frequency (cm™) AT = 10 pK 4
Recombination took place when T ~ 3000 K

% z when a(t) was 1100 smaller than today 5 2006 Nobel prize : G. Smoot, J. /\/\ather‘J /

% 2019 Nobel prize : J. Peebles & P
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scale a(t)

scale a(t)

| w-.\ "‘R\“W\\

A

Causality & Horizon

e

fo — VY, > ¢ | Nocausal point at the beginning !

Why CMB seems so homogeneous ?

A

/ inflation : causal start !

T =
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Fundamental scalar field physics F/ |

Higgs discovery confirms the existence of a new class of fundamental particles,
More Higgses are predicted by almost all Beyond the Standard Model (BSM) theories .

Fundamental scalar fields probably played a crucial role at the beginning of Universe

: I Universe compadred to a piston. VC'CUUT LSS
Universe Initially vacuum energy density p = cte >0 | V(q)
Universe expansion : dV > 0 Initially
pdv=-pdv >0 p = cte
Initial pressure (P) negative => exponential expansion => inflation Tntleton

At the end of inflation, inflaton transits to he sotential minimum Causing inflation stop

-
,f/



Survey of type—la supernovaee

u=m-—M distance modulus

rp—%‘#‘rw“‘” ;
Lol 5 m dppdrent magnitude

M absolute magnitude

] z : light redshift
© HST Discovered 4
o Ground Discovered 4

: A —14z=

0.5 1.0 15 2.0 Ao a (t)
r4
Fig.4 in astro-ph/0402512 [Riess et al., ApJ 607 (2004) 665]

Gold Sample (data set) [MLCS2k2 SN Ia Hubble diagram] H|9h_z SUPGT‘HOVCE’ GPPGCH" fdinter -thom

- Diamonds: ground based discoveries

- Filled symbols: HST-discovered SNe la ! : :

- Dashed line: best fit for a flat cosmology: €,,=0.29 €2,=0.71 expected In d Slf)ng dOWﬂ U\'?lver'se. O.n the
contrary, the universe expansion rate is now

&\ 2011 Nobel prize : 5. Perlmutter; B. Schmidt ,
: & e being accelerated.

2 2009 Nobel pmze W, Boyle, & Smith
invention of CCD

P 7 ras e

W
3

2




galaxy

galaxy cluster

Gravitational lensing

__-lensed galaxy images

I



Planck CMB mission

Planck 2015
CMB temperature
map

15

\. $






© Wayne Hu - U. of Chicago

Fit of baryon density

1000

7
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Planck CMB

P

mission
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Planck collaboration
arXiv:[502.01589V3

Radiantion: S Chemical Elements:
0.005% S (other than H & He) 0.025%

Neutrinos:
0.17%

Stars:
0.8%

H & He:
gas 4%

Cold Dark Matter:
(CDM) 25%

Dark Energy (A):

inflational rturbations
i i 70%

+ baryollepto genesis
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</ / Supernovae
i

Combined

Data

Atoms
4.6%

Dark
Matter
23%

déf”"

Dark
Energy
2%

Neutrinos
10 %

Photons
15%

Atoms

12%
13.7 BILLION YEARS AGO

(Universe 380,000 years old)




Exercise

 Find universe content at decoupling time (z = 100 ) starting from today's
content

e Consider that

il

1
— Pradiation scales as =2
a

= 068 pphotons

— s Al —5)
pradiation o pphotons =510 pO
=cte (does not scale)

- pneutrinos

~ Pdark energy
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Solution of exercise

Today :
pdarkmatter = 23 % pO pdark energy = 72 % pO pradiation = 5 10_5 pO

Patoms =4-60% Py pO:4.9GeVm_3:5.2pmtonsm_3
dg
= 380000 =1100=1+
t =38 years a(td) vi

p(ty)=po (510" x1100°x 1.68+(0.23+0.046)x 1100°+0,72)=4.910° p,
1100*

 Puatimin (1) =510 x5 (1d)=14.9% P(td)  Preurinos(La)=68%  Praion (t4)=10.1% p(td) -

46
L1000 AS e sl Paomsta) =3 X 62.5p(1d)=125% p(td

;yfff,af’ ,AlﬁEi‘%;lEgELg{;aiﬁi‘Eﬁi‘i"ifiigzliﬁﬂﬁigngJaﬁiiaﬁfagfff ’f/’,ﬁf >z



7 A r : 7P
-~ Large Synoptic Survey Telescope : Vera-C Rubin Telescope,"/ 4,;

s S 2as
Cerro Pachon l ?:
in Chile .
This telescope will produce 7
the deepest, widest, image of the Universe |
* 8.4-m mirror 9.6 deg’ field of view Dark matter
* 32 G pixel camera Dark energy
» Each image the size of 40 full moons and many other astrophysical §
» 37 billion stars and galaxies subjects
* Optimised for transients - SNIa machine !
* 10 year survey of the sky First images in 2023
* 10 million dlerts, 1000 pairs of exposures,
ﬁ ¢ 5 Terabytes of data .. every night! J 7
4 122 /



(23 ’/



. S ihd

-’w,rfmm - A A N S
Universe content mventory / prospects

¢ )\ CDM model is a formidable success of contemporary physics but comes

with puzzling questions for the future :

e \What is dark matter made of ? 23 % of universe density |
WIMPS ? Axions ?

e What is the origin of today's dark energy ? 72 % of universe density

Quantum fluctuations in vacuum (but totally inconsistent with present
medsurement)

What caused inflation at the very early Big Bang stage ?

Quantum gravity



Exercise

e Using the Heisenberg relation find a rough estimate of the quantum
fluctuations to vacuum energy .




Solution of exercise

For a particle of mass m, the quantum vacuum fluctuations are :
AE=mc’ AEAt~h

The volume of the fluctuation is :  V~(cA t)3

A mc>  m*c® (mc?)
Then the density is pvacuum:(cAt)3: = — (hc)3 Ac=197MeV fm

(0.511)*

D — 1977 10°~910”GeVm

For an electron

N
R, N

To be compared to P,=4.9GeVm°

O\

What mechanism suppresses quantum fluctuatuons ? The vacuum problem

/ P odl . kit P

u""

o Lo 2P



Schwarzschild black holes

Neutron stars form as the end product of Supernovae. Most of observed neutron
stars cluster dround a madss of |.4 solar mass (M ).

Beyond 4 /\/\Sun, neutron stdrs dre not stable.

They collapse under their
gravitationnal pressure in black
holes whose radius are less than
the Schwarzschild radius
. =2 GM/c.
The Schwarzschild radius
of 4 M_ black hole is

around 12 km |

Photons escaping black holes
are 00 % redshifted |

The Lifecycle of a Star

stable Dying Star

stage

Mebula

Massive star

Supergiant

127



Stellar mass BH -

as findl
products of
dead stars

Two main types of black holes

Courtesy: Colpi (2018)

14+813

101 102 10® 104 105 106 107 108 109 1010 101
Mass M /Mgy

P

Super massive

BH

origin unknown
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Super mdssive black holes

Almost every galaxy has a super massive
BH in its center

Super massive BH were present
very edrly in the Universe

2020 Nobel prize

R. Penrose

s R. Genzel
123 4 5 6 7 8 A Ghez
Lookback time (Billions of years)

Grier et al. (2017)

129
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Event Horizon Telescope

7
| Array of radio telescopes I 4
net e ~ R hose data are combined by "
§ software.
Millimetric Interferometry of 4 ¢
: | next to the Earth radius baseline
Ultra-high resolution : 25 10 arcse .

130



First shadow of a black hole

Intensity-colorized image (.3 mm wavelength
image) |

Super massive black hole located at the
center in M87 (Virgo A), of 65 billion M__

Future : more telescopes and
shorter-wavelength observations

Released by EHT collaboration on April 10, 2019

I3l

N



Super massive black hole of Milky Way
Reveadled on 12 May 2022 by EHT | |
ALMA at
Atacama in Chile
ff 2

32
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A
Super massive black holes formation ?
Extremely Large Telescope on top of I f
Cerro Armazones in the Atacama Desert
(Chile) (part of ESO) - Should start operation

in 2025. 74

Athena X-ray satellite
Part of ESa’s Cosmic Vision program
First light in 2030

5
.
Credit: ESO/M. Kornmesser & ACO Team J
/ 3 /
.J.h




Predicted by Einstein in 1916.

But according to him undetectable

since of very very wedk amplitude.

Much smaller than the size of an
atom when observed on Earth for
practical sources.

A periodic rotation of binary
mdssive dstrophysical objects
generdtes d periodic deformation
of space that propagates.

Gravitationnal waves

© Wikipedia

© K. Thorne (Caltech)-T. Carnahan (Nasa GSFC)

34
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Grayitational wave effect

?0.‘550_.96 c:\une onc:‘e jrachcd:\onneue
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Interferometric gravitational wave antenna

VIRGO located in Pisa in Italy.

2 drms of 3 Km each.

A typical gravitationnal wave will
induce an arm length modulation
of [0 m (one thousandth of a
proton radius )

r’:’:ﬂ. % Oy - I : i _,"' . ‘ ] .
© Collaboration Virgo
. —— — —_—
e 136
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First GW observat
GW150914 Sy ’

Coalescence of 2 black holes of 39 and 26
M. . took place at 1.3 GLy. The final stage

SUN
(collapse) lasted 0.2 s and dissipated
3 M, in GW.

-~

1on

By far the most energetic event ever
observed in Universe and the faintest
vibration at the same time.

‘r__.
Hanford, Washington (H1) Livingston, Louisiana (L1) /
1.0 : 3 Py
0| cadll T F R . ks
i A 1 | ot i L | . LIGO Livingston Observatory (LLO
R TN WR BAR TR WA DAY TTE $ i ivingston Observato
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Fusion of two neutron stars producing a
supernova wWith r-process

25001 Lightcurve from Fermi/GBM (10 — 50 keV)
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5 Discovered in 2017 : GWI708l7 by
S gravitational wave astronomy.

o Birth of multi-messenger astronomy !
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Observations of run | and 2

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1 BLIGO # Gegui|

|0 binary BH
and

| binary neutron
star

GWIT70817 : BINARY MELUTROM STAR
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GW and EM observations

EM Neutron Stars

Credit: LIGO-Virgo / Northwestern U / Frank Elavsky & Aaron Geller
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Laser Interferometer Space Antennd. : LISA

Launched by ESA in 2035 | Z

extended systems +———» compact systems
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Einstein Telescope

[0 Km arms
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Extrasolar planets
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exoplanet.eu, 2022-05-16 [

exoplanet.eu

- More than 6000

o extrasolar planets
R discovered
E :j . 1995 : first confirmed discovely
g - . of planet orbiting a main-seque

star (made at OHP in Francé)

2019 Nobel Prize
M. Mayor, D. Queloz
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Radial velocity method

: 18 Delb ' 1 Measuring induced radial velocity
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Direct imaging

VIT-SPHERE

adaptive optics and coronography

new born planet
imaged by SPHERE
in 2018
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Transit method and
precise dstrometry
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3 ~30000 exoplanets expected
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For further reading

e The new physics for the twenty-first century : edited by Gordon Fraser,
Cambridge University Press

e A unified grand tour of theoretical physics : Ian Lawrie, Adam Hilger
* Modern cosmologie : Scott Dodelson, Academic Press

e Introduction to the theory of the early Universe : Dmitry Gorbunov, Valery
Rubakov, World Scientific

 Relativistic cosmology, George Ellis, R. Martens and M. MacCallum,
Cambridge University Press
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