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THE UNIVERSE ACCORDING
To THE STAN DARD MODEL The universe becomes transparent

Since the Big Bang, Quarks as Quarks join Formation Formation Formation of stars,
the primordial well as other together to of the first of atoms galaxies, etc.

2 unknown form protons ' helium
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today.
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THE UNIVERSE ACCORDING
TO THE STANDARD MODEL The universe becomes transparent

Since the Big Bang, Quarks as Quarks join Formation Formation Formation of stars,
the primordial well as other together to of the first of atoms galaxies, etc.
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Antimatter

1928: Dirac predicted existence of antimatter.

&
The Discovery,
of Anti-matier'

vy &

1932: antielectrons (positrons) discovered by
Carl D. Anderson (Nobel prize 1936)

The Autobiography of *
Carl David Anderson,
Ibf Youngest Man to
" Win the Nobel Prize

& 'Wondsan‘mb >

1995: antihydrogen consisting of antiprotons and
positrons produced at CERN




Particles discoveries take off...




The finder of a new elementary particle used to be
rewarded by a Nobel Prize, but such a discovery now
ought to be punished by a 10,000 dollar fine.

(Willis Lamb)

Had | foreseen this, | would have gone into botany.

(Wolfgang Pauli)
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The Standard Model

Fermions Bosons

Quarks
q=+3/2

Leptons
Charge neutral

Spin %2 Spin 1

Force
carriers

Fermion mass



Matter

Fermions Bosons

Quarks
These are

what protons
and neutrons
are made of

Leptons

proton neutron

Matt Strassler 2013



Matter

Fermions Bosons
Forpe
carriers
These form a
cloud around
atomic nucleii
<0 <O
Electricity iség
a flow of €
electrons :? % LA
Battery arounda &

g circuit ﬂ

Electron flow




Matter

Fermions Bosons

Force
carriers

Produced by
cosmic rays

A few hundred of these pass through your body every second




Matter

Fermions Bosons
Quarks Force
u C t y carriers

up charm top photon

d S b 7

down strange  bottom

Z boson
These come from
nuclear reactions Le
ptons
in the sun Ve M‘[ Vr W
’ electron muon tau W boson
radioactive neutrino neutrino neutrino
decays, etc. e U T g
electron muon tau gluon

A few billion of these pass through
your body every second




Matter

Fermions Bosons

Quarks
Unless you're
really into
particle physics Leptons
you may not
have heard of
these guys

Force
carriers
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Matter

Fermions

E

. .

Bosons

Force
carriers



Forces

Person A and person B exchanging a ball

‘-.‘__M .
_ fermion

e

Fermions exchanging a boson



EM force

Fermions Bosons

- ...

o ...

Force
iers

These keep
electrons in

place around
the nucleii



EM force

Fermions

u C t
+3/2 up charm top

-1/2 a S b

down strange bottom

Quarks

Leptons .‘/E .‘41 %

Acts on charged particles olectron  muon  tau
neutrino neutrino neutrino

+1 € H T

electron muon tau




Weak force

Fermions Bosons

- ...

Force
carriers

These are
responsible for
beta decay

o ...
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Weak force

Acts on all the matter particles
Mediated by massive bosons

Fermions
Quarks
u C t
up charm top
a S b

down strange bottom

Leptons "/e

electron
neutrino

e u T

electron muon tau

Vi Vi

muon tau
neutrino  neutrino



Strong force

Fermions Bosons

- ... .

Force
carriers

o ...

These glue the
quarks
together inside
the protons
and neutrons




Strong force
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Baryons: qqq
Mesons: q anti-q

Kigesss
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Proton

o u quark O u quark ‘ u antiquark O d quark :2 Gluon "\)\ Quark loop

Fermions
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Gravitational force

Fermions Bosons

- ... .

o ... .

Graviton?

Force
carriers




Force strength: “couplings”

EM force between 2 electrons:

Strong s ~ 1

Electromagnetic agpy ~ 1/137
Weak ayw ~ 1070

Gravitational g ~ 1039

Note: couplings are energy dependent!

2

F=_°
Ameqr?
e 1

Oz p—

deq he
Q
F — 7“_2

Coupling constant
guantifies force
strength




Force strength: “couplings”

'E‘ 60 |- 1/0(E|\/|
w
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Electromagnetic agpy ~ 1/137
10
Weak ayw ~ 1070
0
Gravitational g ~ 10-39 " 0

Note: couplings are energy dependent!




A missing piece

Fermions Bosons

- ... .

o ... .

Sourca: AAAS .

Force
carriers




f :
BOSONS pin-o0.1.2. ..

THE HIGGS 1S THE

PARTICLE RESPONSIBLE

FOR GIVING MASS TO
OTHER PARTICLES.

Massive bosons? ) e
Requires a new potential in the Standard Model! A @\@@



Higgs boson

4 V()

| have no vacuum
expecation value!

Re ¢

http://www.quantumdiaries.org/2011/11/21/why-do-we-expect-a-higgs-boson-part-i-electroweak-symmetry-breaking/



Higgs boson

Vig)

This costs too much
energy! | think I'll
hang out down there,

X XD

N Re ¢

t = Big Bang

Massless bosons



Higgs boson

A Vi)
t ~1012¢ —

A NS

Im ¢

Spontaneous symmetry breaking = massive bosons

Re ¢

Four new degrees
of freedom:
Z°, W*, W-, h©




Higgs field pervades
all space and couples
to particles to give
them mass

=~ IMAGINE A FIELD THAT
PERMEATES THE
= ENTIRE UNIVERCZE.

EVERY PARTICLE \
FEELS TMIS FELD,
BUT (& AFFECTED N




Experimental triumph for SM

nd at last!

Looks like the Higgs boson has beer

Brout, Englert
and Higgs rock.

The Standard
Model rocks.

CERN rocks.



The Standard Model

Fermions Bosons

Quarks U C t Force
y carriers

up top photon

d S b 7

down strange  bottom 7 boson

Leptons “/e M{ “/r W

electron muon tau W boson
neutrino neutrino  neutrino

e

electron muon




High energies to probe small distances: E = hc/A

\ Wl b
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Ly :

atom~102cm

E~ 0.1 MeV
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nucleus
~10""%cm

E~0.1-1 GeV

E~1TeV

electron
<10"%cm

proton
(neutron)




HISTORY OF THE UNIVERSE -

accelerated
expansion

Cosm%\icrowove Structure
Backgro%d radiation

Accelerators is visible

High-energy
cosmic rays
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Particle accelerators

drift tubes radio-frequency cavity

/\ ( power source /
+ beam

proton
source

© 2012 Encyclopaedia Britannica, Inc.
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Experiments




25m _

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiatfion tracker

Semiconductor tracker






Particle detection

Measure the position of a particle

particle

particle

E silicon




Particle detection

p=0.3Br

p = momentum . -

B = field strength Measure the position of a particle

r = radius of curvature Measure the momentum of a particle

particle

particle

E silicon

9

B-field ATLAS solenoid: 5.8m long, 1.23m inner radius



Particle detection

p=0.3Br

p = momentum . -

B = field strength Measure the position of a particle

r = radius of curvature Measure the momentum of a particle

particle Measure the energy of a particle

particle

silicon

9

B-field (2 T for ATLAS)

EM shower



Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation

Tracking Tracker
Pixel/SCT detector




Entering the quantum world...

Carbon-12 nucleus



Classical View

A@ »@ B

Any particle traveling from A
to B takes a direct path

Quantum View

A B

Any particle traveling from A
to B takes every possible

path
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Wave particle duality
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If quantum mechanics hasn't profoundly shocked
you, you haven't understood it yet.

(Niels Bohr)

Anyone who claims to understand quantum
theory is either lying or crazy.

(Richard Feynman)




If quantum mechanics hasn't profoundly shocked
you, you haven't understood it yet.

(Niels Bohr)

Quantum mechanics is certainly imposing. But
an inner voice tells me that it is not yet the real
thing. The theory says a lot, but does not really
bring us any closer to the secret of the old one.

|, at any rate, am convinced that He does not
throw dice.

(Albert Einstein)



What does it mean?

We live in a world of probabilities
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proton - (anti)proton cross sections

Total particle
production
cross-section
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production
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100,000 collisions)

Higgs production
(once every few
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>9 orders of magnitude!



Example: Higgs - 77

Tag the leptons
Predict the background from Standard Model ZZ production



Eventis / 5 GeV

Vs =7 TeV j Ldt=0.05f "' Apr24, 2011

ATLAS Preliminary
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ATLAS
EXPERIMENT

$

://atlas.ch

http

204769

71902630

Date: 2012-06-10
Time: 13:24:31 CEST

Run:
Event:



ATLAS Preliminary
m, = 125.36 GeV

Total uncertainty
+ic onp

Phys. Rev. D 90, 112015 (2014)

H- vy

b =1479%

arXiv:1408.5191

H—- ZZ* — 41
h=1.44705

arXiv:1412.2641
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ATLAS-CONF-2014-061
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Signal strength (u)

released 12.01.2015

| I
1.5 2

So far observations
compatible with
Standard Model

Higgs boson

'© Guardian



Status:

Standard Model Total Production Cross Section Measurements .Juy 2014
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down strange bottom s ” y

Z boson photon

Higgs
boson

6 | W

electron neutnino MU IRULHnG tau AeULrino

What else are we after?



Antimatter -- matter asymmetry

In the beginning matter and anti-matter in
equal parts (why not?)

But the universe is made of matter
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Well... some of it at least

Leaving this stuff for the cosmologists
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New physics?

Standard particles SUSY particles

eI
PPN
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r Particles

Why do we like Supersymmetry (SUSY)? A \
@

: ?

Dark matter candidates? /
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