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What is physics beyond the Standard Model?

I don't know. Nobody knows
If it were known, it would be part of the SM!
You won't learn during these lectures what is BSM
you'll learn what BSM could be
’ /.ooé/ng and not £ nding 1S different than not / ooé/nﬁ )

we'll study the limitations/defaults of the SM as a guide towards BSM
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Outline

OMonday

O general introduction, units

OTuesday
O Higgs physics as a door to BSM

OWednesday

O Naturalness: small and large numbers in a quantum world

OThursday

O grand unification, proton decay
O supersymmetry
O extra dimensions

OFriday

O cosmological interplay
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Recommended Readings

O popular account
O "The Zeptospace odyssey” by Gian-Francesco Giudice CERN library link

O fun physics
O "Order-of-magnitude physics” by S. Mahajan, S. Phinney and P. Goldreich
available for free online

O technical accounts
O "Journeys beyond the Standard Model" by P. Ramond CERN library link
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http://cds.cern.ch/record/1228898?ln=en
http://cds.cern.ch/record/1228898?ln=en
http://www.inference.phy.cam.ac.uk/sanjoy/oom/book-a4.pdf
http://www.inference.phy.cam.ac.uk/sanjoy/oom/book-a4.pdf
http://cds.cern.ch/record/1107832?ln=en
http://cds.cern.ch/record/1107832?ln=en
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Particle physics is special

the various constituents of matter reorganize themselves in different structures

CHas+ 2 O, = COZ + 2 H20
oPcheMW
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Classical vs. Quantum Collisions

Compton )\ — i
wavelength M

e : m~9.1x103! kg ~0.5 MeV/c? © A~10"1 m
v b : m~1.6x1027 kg ~1GeV/c2 @ A~106 m
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Vacuum fluctuations

attractive force between two neutral plates

ideal conductors (electric conductivity=x) and uncharged

l E=energy of virtual photons between the plates
| | ENywhen LYy © attractive force

Force per unit area

/ QM Special Relativity

«— L=

Casimir (1948)

(5>>L2: no boundary effects)

coefflcuen‘r dim. analysis

numerically: pressure of ~ 1 atm for a 10nm separation

The quantum vacuum is not empty
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Energy Scales of Particle Physics

1 TeV =101 eV

1eV=energy of an electron accelerated

&1

e g —— Jd b
v=0  v~700 km/s by a potential difference of 1 volt
1eV=1.6x10" Joule

1 kg sugar = 4000 kCalories= 17 millions of Joule

but 1 kg sugar & 10%” protons
0.1eV / protons

- |

If one wanted to accelerate each protons contained in 1kg of
sugar to 14 TeV, (s)he would need the caloric energy contained
in 10'*kg of sugar* or 1% of the total energy produced yearly

*yearly worldwide production of sugar=150 millions of tonsx10! kg
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Classical/Quantum EM & Antimatter

an electron makes an electric field which carries an energy

1 e’
AECoulomb(T) — 47T€O "

and interacts back to the electron and contributes to its mass dmc? = AE

e 13 : he
5m<m€ °T>T€: ~ 107" m 1e. E < — ~5MeV

Amegmec? Te

At shortest distances or larger energies, classical EM breaks down

AFE = — N AFE
Ameg T M © Ameg T
e - . » e~ Y
3 h
% AFE = —amec2 log

4 "M C

Weisskopf ‘39

new states ® softer high-energy (UV) behavior: 0m < 0.1m, O E < 10* GeV

Christophe Grojean BSM 10 CERN, July 2015



Antimatter and Dirac equation

Schrodinger's equation (1926) is non-relativistic
(cannot account for creation/annihilation of particles)

— = i i

|
| 2 ot 2m
| p .
E = +V classical < quantum : 2 : 2
2m correspondance E= Zh(‘? & = Zh(?:l: 7 7

—

S 2 R
'Schraodinger Equation (1926): (m 0 | f A — V> b =0

- Klein-Gordon Equation (1927):

! E2
= =+ mi
Cc”

_ —

Dirac Equation (1928):
5! { +\/ p2c?2 +m2c*t matter
F =

—+/p 02 +m?2c*  antimatter

— = - - _ —

positron (e*) dlscover'ed by C. Anderson in 1932

Christophe Grojean BsM I CERN,y July 2015



The Standard Model: Matter

how many quarks and leptons?

Three Generations
of Matter (Fermions) spin %2

mass - 2.4 MeV 1.27 GeV 173.2 GeV
charge - |24 l l %3 C %A t
name - up charm top
4.8 MeV 104 MeV 4.2 GeV
%)
= |- -4 -4
©
>
o down strange bottom
OV 0 V oV
C T
tau
muo .
r?leeu%tr[ng neutripo peutrin
o 0.511 MeV 105.7 MeV 1.777 GeV
S |1 1 1
'}
- e
Q
— electron muon tau

an easy question... a complicated answer!
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The Standard Model: Matter

how many quarks and leptons?

Three Generations
of Matter (Fermions) spin %2

’) mass - 2.4 MeV 1.27 GeV 173.2 GeV
617 = Al a4
f) name - up charm top
.\-6:2A ) \or yates 4.8 MeV 104 MeV 4.2 GeV
6X d\ff?xe’m ¢ _;% -3 d -3 S -3 b
cO n >
sho\'\\d“-‘ we O 1= down strange bottom
?
2283740 Vo VoV,
3)(2"\’ ~CR {0(‘ Q electrnn ng&lgrci) o nelg?rlijn
X X X A\l eL 1eRr neutrino
en L eL
X \S Or\t\:(:v:\: Cy\‘\ro\ -W\Q,OY‘\I 6)( _ AS? % : o.5gev ’ 105.7 MeV ’ 1.7fceev
S x - 2 l_,[
6)(3 2 ,mexe VR? ~ 3 electron muon tau
are o of she SN
po
e They

an easy question... a complicated answer!
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The W/ (uteractions
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Interactions between Particles
%m/ ﬂgwmfmﬁ/m‘z%éswd /L Wwyem/%éﬂ%m@f@%w
4
%ﬁ%ﬁ&ﬁ@ﬂm W%@/ﬂd@fm

Sun = gigantic source of energy

» an ice cap 1 cm thick and 300 million km of diameter
centered around the sun will melt in 40mn

energy produced by burning 10% liters of oil
(~ volume Sun-Mercury/1000)
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Interactions between Particles

ﬁémxﬂ %W@fw‘%%@f %JMMWJQWMW tells us

g/ﬂé Uere are various s / /m%ofm

Sun = gigantic source of energy

Darwin ("0« the origin of specics by meane of natural selection”, 157 edition,
1859 ) estimates that the age of the Earth, and thus the age
of the Sun also, has to be larger than 300 millions of years to

account for the erosion of hills in South England.

Thompson, Lord Kelvin, computes the gravitational energy of
the Sun and with the assumption that it is entirely converted in
heat, concludes that the Sun cannot be older than 20 million
years (chemical energy would allow the Sun to shine for at
most 3000 years)

We know today that the Sun is more than 4.5 billion years
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leferen’r Interactions

 136eV _ = 28,300,000 eV
_ .~/ ionization : - to break apart
E 15 .~ energy : ! pr_n_tuna and ru_a_utrl::ns.
.r-'--EEQDDx‘Iﬂm-g_F 3 L p
| | f‘_
H atomn ; = (L

5 |
[ ]
* . 1
. . . L%
[ - [ ™ ol
| -3

I
s 15 E I I o~

‘ . (=1.2x10 m : : 1910 "%
Q %m pW ------------------------------------ :__.___.____.__....._..:n".

mass of an atom = mass of nucleus + masses of elec’rrons

example : hydrogen atom, mass ~ 1 GeV, binding energy ~ 13 eV~ i 10 8

0 Vuclear Physics

mass of a hucleus < X masses of protons and neutrons

example : Helium nucleus, mass ~ 4 GeV, binding energy ~ 28 MeV 10 2

O Danticle Physics

mass of a proton or a neutron > X masses of quarks ...
proton mass ~ 1 GeV, constituent quarks masses~ 12 MeV = 102 :
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The Standard Model: Interactions

Even though EM is way stronger than gravity, it v W -v* 10-40
was unnoticed until ~ 300 years because 1-1=0 :

'
4
3

light
. » e cut ”
atoms
(1875, Magaelt/ molecules
tested with an accuracy of 10
v weak interactions p decay
(1933, lerni ) n S pte 4o [ 10
, Lerme .
+ _ Z + _
tested with an accuracy of 1073 e e 7 Dy T P
. SDwng cnteractiond atomic nuclei

a decay

235 s AT 1 4He

(1971, 7@%/// 1921, Cladiick wid Bieslr ) —
streng
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tested with an accuracy of 10!



