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"
Zooming in on the World around us




"

Democritus, Greek
philosopher ~ 400 B.C:

"All matter is made up of
very small indivisible
elements”

He called them 'atomos’.

Atoms

19th century chemistry confirms:
there are only 92 different ‘elements’,
from hydrogen H to uranium U.

Everything around us is built from
combinations of these elements.

Periodic Table
of the Elements
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Atoms

U of Oregon Chemistry

Size of the smallest atom (hydrogen):

Steps on Si{001)

B. 5. Swartzentruber

Sandia National Lab

0.000 000 000 1 m (meter)
=101 m =1 Angstrom

How is it possible to see such tiny structures?
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Scattering Experiments

Our vision: the eye collects light
reflected from objects and our
brain processes the information

Light: wavelength 4000 - 7000
Angstrom, too large to see an
atom.

Better: X-rays, electrons

Use this principle:

Shoot a ray of light or particles at
an object.
Measure the scattered rays with a
detector.

Resolution of the probe (light,
particle) is important:

The wavelength must be smaller
than the size of the structure to
probe.

wavelength =X
—>
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Electrons

What is electric current?
In wires there seems to be a flow of very small quantities of negative
electric charge carried by tiny particles.

In fact these ‘quanta canbe ||— "—=r
extracted from metals by heating |[™
them up — cathode rays.

They are called electrons e-. cumoss Qi—/\

Basic properties of electrons, measured
around 1900:

Electric charge is -e.e = 1.6 x 10 C is J. J. Thomson (1897):

called the fundamental charge. Electrons are small parts
of atoms.
Mass = 1/2000 u = 511 keV. 1 u is the The first 'subatomic’

mass of the hydrogen atom o, cuons and co. particle was dlscover'edES



"
Taking a Look inside an Atom

Atoms are neutral. If they contain electrons there must be an equal
amount of positive charge. How does an atom look on the inside?

Compare the following two %,
“scattering experiments": )%v—

Professional scientist, closed lab,
do not attempt! 1) Shooting at a bag of beans
Obviously the possible scattering %,
angles of the bullets are -
different in both cases. | ﬁ
.—%
1) Only small angles possible. 2) Bag of equal weight but stuffed with
2) Some bullets are scattered at cotton and a few small lead beads
large angles.
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Taking a Look inside an Atom

In 1911 E. Rutherford did this famous experiment with a-particles
instead of bullets. His target were gold atoms.

Rutherford's result

Lead
sheet

Soitillator

Radioactive
Source

a-pa

was similar to the

'« > | second scenario!

/

o\

. X\
N

Gold atoms

The alpha particle

Thomson's model of atom Rutherford’s model of atom

The models of the Thomson's atom and Rurtherford’s atom; and the expected
aberrations of alpha particle in both cases.

Co.

The positive charge in an
atom and most of its mass
is concentrated in a tiny,
very dense center, the
nucleus.



"
The Nucleus

More than 99% of the mass of an atom is in the 7 #;‘{\‘_“11
nucleus, which is more than 10,000 times smaller L/%’J_TQ\HL
than the atom, about 1 - 10 fm (Fermi). 7\ f/ @ ‘h,f’ \
1 fm = 105 Angstrom = 105 m. VAN /j: \/

(\ : \ :.‘_\\::7:_] J
A cloud of electrons orbits the nucleus, held in place x“_""‘*i_f,-?'{'_”

by the mutual attraction of the electric charges.

Most of the atom is just empty spacel
But with a strong electromagnetic field present.

Nuclei are made up of two particles:
Protons p: positive charge +e, mass = 1u
Neutrons n. neutral, roughly the same mass as p

Protons and neutrons are kept tfogether by a
new force: the strong force.
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Particles
We distinguish particles by their ...
participation in strong interactions elec;’rric charge .
YES: they are called Aadrons positive or negative
e.g. proton, neutron usually in multiples of e
NO: they are called /eptons  MASs .
e.g. electron usually measured in electronvolts (eV)
1u=0.939 GeV (Gigaelectronvolts,
spin Giga = Billion)

= Quantized angular momen‘rum
(can take values On, 5 1, 1 1, 3/2 h 2 h, e’rc)o
Electrons, protons, neu’rrons spin 3 i

Particles with integer spin
re called bosons.

Particles with half-integer

spin are called fermions.
#} Electrons, protons and neutrons are fermions.
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Electromagnetism
Electric phenomena: &) EF ,
Two kind of charges: g ﬁ % ﬁ
plus and minus Equal charges repel each other
Opposite charges attract each other
The forces between

them lead to electric

currents Electric force acts over a

distance even in empty space:

— Electric fleld
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Electromagnetism

Moving electric charges produce magnetic fields.
Accelerated electric charges produce electromagnetic waves.

The Electromagnetic Spectrum

| ri
Electromagnetic waves ‘mﬂ" )
= a special combination Bockajmges 7
of electric and o Microwaves -
magnetic fields that W e H
can travel over long roPagan Visile gt

Ultraviolet

distances (e.g. radio
waves, light, X rays)

X-rays

Gamma rays

Il Electromagnetism
describes electricity,
magnetism and light
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From Forces to Quantum Fields

M. Planck (1900) suggested that These quantum packets behave

energy in light comes in small like particles.

packets called ‘quanta’. The electromagnetic field can
be described by the action of

Energy of one quantum |E=hv these force carrier particles,

v = frequency called photons .
Photons are bosons with spin 1 and they are massless. They ‘couple’ to
electric charges and have no electric charge themse. ¥

€

Force carriers
transmit forces by .
being exchanged Feynman diagrams

between particles.

p -

Electron + proton  Electron-positron
interacting annihilation €" +&~ — 2y



"
The Hadron Zoo

In 1940 only 5 elementary particles were known: proton, neutron,
electron, muon and positron. Only proton and neutron are hadrons
(strong force acts on Them).

They could be grouped into one of
two categories:

‘ < Heavier baryons, whose total
'é number is always conserved.

E.g. protons, neutrons
With the advent of accelerators

at the end of the decade a big < Lighter mesons, which can
'zoo' of hadrons was discovered: decay into particles which are not
Pions, kaons, rhos, ... many more hadrons.

E.g. pions, kaons
Too many! Maybe hadrons are not

elementary particles after all?
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The Hadron Zoo
s=10 n p s 1 KO K+
Eventually it was found
that hadrons with similar ="' 7 ST m
properties can be grouped Q= 1
into multiplets. T e s=-1 P —

Similar to the periodic
table of elements fo
atoms.

Gell-Mann & Zweig (1964): the systematics
of hadrons could be understood if hadrons
consisted of combinations of smaller, more fundamental particles.
Those must be fermions (spin-3) and have fractional charges.

Gell-Mann called them guarks. Nobody believed them.




"
Deep-Inelastic Scattering (DIS)

Prot
How could this hypothesis be tested? o @e{ﬁa‘ﬁ
A new Rutherford experiment with better
resolution! y

Deep-inelastic scattering (DIS): Measurement:
shoot electrons at protons with E,, >16eV  deflection angle 0
final electron energy E'

: 0 and E' can be rewritten as two
rie quantities known as x and Q2.

o—x\

x = fraction of the proton

E.g. proton as a whole: x=1. energy carried by what is hit
inside the proton.
If it consisted of three equal Q2 = resolution of the photon.

parts with the same energy, each
of those would have x = 1/3. Quarks, Gluons and Co. 16
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Deep-Inelastic Scattering (DIS)

DIS scattering formula:
(cross section as function of 6 and E')

2
do ( an j {2':10(,(32)SinZ((g/z)Jr 2IleF(ZQ(ZX’QZ)(:052(«9/2)

dE'dQ | 2Esin?(0/2) M

“Structure functions” F; and £, know about the structure of the
proton.

Different predictions had been made.

For the quark model (i.e. proton is a loose collection of point-like spin-3
fermions):

1) F, F, don't depend on (P (Bjorken scaling)

2) F, F,are not independent:  2XF =F, (Callan-Gross relation)

Quarks, Gluons and Co. 17



2XF,/F,

The Discovery of Q

x)

The verdict (SLAC, 1968) 5
SLAC = Stanford Linear Accelerator "
Center

Bjorken scaling

The Winner is

Lo

.C...)uarks!

uarks

" _.-U/ =01,000012
£=0,00005

e 2=0.0000 014, 0 NMC O BCDMWS & SLAC & HI

® H1 % Preliminary

x=0002
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K b 2=0,00002 (ISR}

K V/ 3000011, % H1 %7 Prelimina

Tt 3=00002 flow Q73

i x=0oo03 @ H1 24-537 Preliminary

3 'H;}")/ e
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o b 08— NLOQCD Fit
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x=0005
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T " PRETE-NST S § ot a— 2003 a
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| 1 | 1 ] i | spin O L . 08517
0 0.2 0.4 0.6 X 0.8 D Lol ol il il - vl T Ll 5.l
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Quarks

3 different quarks were initially found: Up, Down and Strange.

Three more were found later on.

the "original” 15t generation

quarks

2"d generation

discovered

discovered @ @ - 1077 y _
(at last) in \ ) 3@ generation
Q Ealll
1005 v
charge charge
+2/3 -1/3

Surprise: they do have fractional electric
charges +2/3 or -1/3. They feel both the
weak and strong force.

Quarks, Gluons and Co.

We know that there are
only six quarks in 3
generations:

[up down]

[charm strange]

[top bottom]

+ their six antiquarks

Increasing mass from
0.002 GeV (up) to 174 GeV

(top).

19



"
Quantum Chromodynamics
How do quarks interact and bind together?

Experimental result: each quark seems to exist
in three varieties. The strange new feature was

called color. ‘

Each quark has one of three colors: 'red’, 'green
or 'blue’ @
(+ 3 anti colors for antiquarks)

1972: the theory of Quantum Chromodynamics is
born:

Quarks interact through a new kind of particle,
called the g/uon. The gluon transmits the strong

It was realized that gluons

: . can be described by a
force, just as photons transmit the strange ‘rheolr'y alr'eyady

electromagnetic force. written down in 1955 by
Yang and Mills (above).

Quarks, Gluons and Co.
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Gluons

Color is the 'charge’ for the strong force, i.e.
gluons couple to this color charge

(just as photons couple to electric charge to
transmit the electromagnetic force)

Gluons themselves also carry color. Thus gluons
couple to themselves!

This is a direct result of the Yang-Mills theory.

There are 8 different color charges possible
for a gluon
(3 color)x(3 anti-color)-'white’

Quarks, Gluons and Co.

Quarks carry
.| a color

carry an
anti-color
a culnr and
an anti-color

blue

5 carry

qreen

Color is conserved in

the coupling.
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The Standard Model

force carriers

BOSONS spin =0, 1, 2, ...

Mass Electric ;
Name Mass Electric
GeV/c? | charge Name GeV/c2
0

i 0 0 g 0

phbton

gluon

6 fermions and 6 leptons
come in 3 identical
generations

(only masses are different)
Plus they have antiparticles.

T 80.39 =
u FERMIONS
7 "
W“*’Sf};ons e : Leptons spin =1/2

Z° 91188 | 0 S Mass
Z boson GeVlc

W rimor (0-0.13)x109 0
Leptons and quarks feel | e, etectron 0.000511 =1
the Weak fOI‘CE. Only VM ?;ﬂ?r'iio* (0.009-0.13)x10-9 0

guarks have color
charges and feel the
strong force.

M) muon 0.106

"L' tau ey 7

Vg neatioox | (0.04-0.14)x10°| 0

matter constituents

spin = 1/2, 3/2, 5/2, ...

Quarks spin =1/2

: Approx. .
cectel | oo | “Viss, | o
arg GeV/c? g

Wy v 0.002 2/3
@ down 0.005 -1/3
9 charm i3 2/3
) strange 0.1 -1/3

2/3

@ bottom 4.2 -1/3



6 fermions and 6 leptons

come in 3 identical

Syl generations

ialddl (only masses are different)
L JPIus they have antiparticles.

The _L','|l||."|1l' the :olor) Spin =1
strong nuclear foree,

the GLUON is the

beson that

communicates the

.l-h'nH_L: i‘ill'l't', W !'Iil |1

holds quarks

together. It has no 0
mass or clectric
|'F|;|rH;'

Aerylic felt with
paoly fill for

FRERINLNIT DaASS,

$9 FLUS SHIPPING

TOP QUARK
This beawyeeesght
chAmpion doegn'
live lons encugh 1o
make Iriends with
anyene.

CHARM
AUARK

A second

g el
nuark, it
charmed, indeed

UP QUARIK
A teeny litle point
imgide the procos
f— and mevlren, it ik
il Rf s with
Ehe diran guark.

BOOOLROV00ULRY. DOWN STRANGE BOTTOM
QUARK AUARK AUARK
A iy litfle podnt Wiy & Al second This dhird
GLUON e ther profion goneralion quark 50 gerdralion quadk
-& :’:-:rnmrn‘;ﬁ i,:,.-h itrange? i puttin® on the
fPARTICLEZ 0 T C
ELECTROMN- MUOMN- TAU-
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away energy and
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Gary Ny Lo Bond.
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g A Theavy
electron™ who
Toit ot ained
dies yourng
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who could sand
1o lose & Bitle
Wy,



"
Standard Model and Beyond

m Beyond the Standard Model:
Higgs Boson ?
Supersymmetry ??

Graviton ??
Dark Matter ??
Dark Energy ??

m More on the "Strong” Sector of our Universe: the strange
behavior of quarks and gluons.

Quarks, Gluons and Co.
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Hadrons = Bound States

Experimental fact: all hadrons are color neutral.
I.e. the color of the quarks and gluon inside has to add up to
'white',

m  Meson = quark + antiquark @ @

m Baryon = 3 quarks @@@ 0
Those quarks are called the valence quarks of a hadron.

E.g. the valence quark structure of the proton is uud

Quarks, Gluons and Co.
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Asymptotic Freedom

Puzzle: if the strong force is "strong”, why do we "see” quarks
inside a proton (e.g. in deep-inelastic scattering)?

Gross, Wilczek, Politzer (1974):
The strong force is asymptotically free.

The closer you come to a color charge the al o B
weaker the strong force becomes! WOI e
T sell  EmEm ol
For electric forces it's just the other way S |\ —
— At tt5(Mz)

around B st | Laz;?,{iﬁ ol
1 ’ IElMeV——[}_IISE:J

So to see quarks, hit a proton with something

with small wave length, or high energy.

h Tn
Decreasing distance —»

Quarks, Gluons and Co. 1
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Energy needed to

0
Confinement

QCD exhibits another fantastic feature: confinement. No free
color charge can exist in the vacuum (remember hadrons are all
color neutral.

Quarks and gluons have

Energy needed to separate never
two quarks is infinite. been observed in the
vacuum.

v R Confinement has not yet been fully
e S understood.

n CO\O f,f’/

1eb) =" Linear

(@)

& It has been named one of the

© R outstanding mathematical problems

‘g " Electric (e.q. electron and proton) of our time. The CIaY Founda‘rlon.wdl

o pay you $1,000,000 if you prove it!

n Coulombic

http://www.claymath.org/
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Confinement

m The QCD vacuum is very special. It
repels field lines. They are squeezed A
into flux tubes. = Sm—
m If enough energy is pumped into such /
a "gluon string” it breaks and a

quark-antiquark pair is created. k‘
Compare: two electric charges

)

~e Gluons moving over large
distances form 'flux tubes’

Ersa'king OI aflux  hetween quarks which act like
: @ Hbe: credie d rubber bands.

new qq pair, never
single quarks

To pull this quark-antiquark
® 2 pair apart you need to spend
el & Quarks, Gluons and More and more eneragy.
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The Modern Picture of Hadrons

Scattering experiments on the proton tell us:
there is an unlimited number of quarks and gluons
In a proton at any given time.

They come from quantum fluctuations.
1919: Proton

Ca. 1970: Proton = uud
2009: Proton = uud + gluons + quark-antiquark pairs

Quarks, Gluons and Co.




The Era of Quarks and Gluons

-i— Radius of the Visible Universe —m

Our universe today: temperature 3 K (outer space)
to ~ 100,000,000 K (inside the sun)

Inflation
Quark Soup

8501 O

Quarks and gluons seem to be
confined into protons and neutrons
everywhere we look.

puoIFs |

Too hot for
nucleons to be

But: protons and neutrons melt at boundinside
T~ 1,000,000,000,000 K | nuclel

suea) 000°00E

aslaniun ay3 yo aby

Ea) UG T

The universe just microseconds Molecules, atoms

. dissolve:
after the big bang was that hot! EIM pl\ellsma

Quarks, Gluons and Cdg
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Exploring Quark-Gluon Plasma

What happens at the critical temperature of 102 K?

Just as liquid suddenly turns into vapor, or ice
turns into water at a certain temperature,
hadrons turn into QUARK GLUON PLASMA.

In nature: not observed in the last
13 billion years

Quark-Gluon
Plasma

Quark-gluon droplets can be created
in collisions of nuclei at very
high energy.

Temperature T (MeV)
]
=

g

0.0 10

Quarks, Gluons and Density Measure Ug {GeV)
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The Relativistic Heavy lon Collider

m Collider for p+p, p+A, A+A at Brookhaven
4 Exer'lmenTs

Quarks, Gluons and Co | - B 32
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Au+Au Collisions

Thousands of particles created!

Follow the particle tracks back: they emerge from a very hot and
dense fireball much smaller than an atom.
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RHIC: Temperature

We can measure the temperature of an
object through the particles it emits.

Often done with photons (infrared, light).
The hotter the object, the more energetic

the particles on average.
RHIC: Measurements of

particle spectra indicate
. indeed T ~ 102 K.

. ¥ STAR >
PHENIX

O PHOBOS =t
A BRAHMS -%— = :
s =130 GeV + + |
:

2 Model re-fit with all data
10
T=176 MeV, p, =41 MeV é

15 2z 25 3 35 0 05 1 15 2 25 3 35
p; (GeVic) p; (GeVic)

Sa
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RHIC: Exploding Quark Droplets

What else can we learn from particle
spectra?

The quark-gluon droplets explode with
almost the speed of light.

How this explosion works in detail
depends on the properties of the
particles involved:

Pressure inside the drop?
Viscosity of quark matter?
s and Co. 35

2 25
p; (GeVic)




"
RHIC: Elliptic Flow

round but elliptical.

Most of the collisions don't happen /)
head-on. Then the quark droplet is not ﬂ\ /
N N
%
\. /’I

| 7 / = ,
o v1<

X

Niaateseeseas
The pressure inside will 14 1014

accelerate particles more in the ok
direction where the drop is
narrower: “elliptic flow".

A\
Elliptic flow measurements are a . #ﬁ{ﬂﬂ |
very sensitive barometer. M M -

Quarks, Gluons and Co. _ .
Walk halfway around the fireball —>
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Hard

Expected this many fast particles

Only observed that many at RHIC

Quarks, Gluons and ¢

Probes

Some of the stuff coming out of an
explosion is much faster than the rest.

We can use these highly energetic
particles as probes. They tell us how
transparent or opaque the hot quark
droplet is.

<18r
e T ® Central n° (0-10%)
16 Peripheral 0 (80-92%)
14
12 \ l

A1 eI

l
l
0.6 J ‘
04 g
[ Ee ® +
02 $e0%0,4 §+++ ....... + ......
0_ | | | | 1 1 | | | | 1 ‘ | | | | | | | |
0 2 4 6 8 10

p- (GeVic) 37



"
What Have We Learned?
m We reached the temperatures we expected

m We have strong indications that quark and gluons are freel

m Quark gluon plasma is at least 10 times as opaque as a nucleus.

m Quark gluon plasma seems to flow
like a nearly perfect liquid.

m More exciting stuff
ahead!



"
Sonic Booms in the QGP?

m Sonic booms = shock wave if something travels with
more than the speed of sound.
1 At RHIC: speed of the quark/gluon ~ ¢

m Opening angle of the Mach cone
related to speed of sound:cosé,, =c,

m Indications that those very Lo
fast particles we use as probes make sonic booms in
the QGP at RHIC.

T = 1012 K (Experiment)
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Quarks and Gluons at LHC

See Prof. Toback's talk (Jan 24): the next energy frontier.

Collides proton, but in principle it is a gluon collider. Hope to
find new particles (Higgs, SUSY, etc.), but all will have to come
from collisions of gluons (and quarks).

Will also collide lead nuclei
and create Quark Gluon
Plasma at even higher
temperatures.

LHC will also teach us lots
about the Strong Force.

Quarks, Glug




12,2 BILLICN YEARS AGO, = A

A FEW SECONDS BEFORE THE 1 57 All set
CREATION OF OUR UNIVERSE | ete fire up +is

o W7 < Large Hadren Partide i

so D E 5 llider and see
I
1|
a
(1)

W't"'l‘ﬂ‘l""‘lﬁ'F‘PEﬂSf £ '?

Quarks, Gluons and Co.

41



The End

The animation Secret Worlds: The Universe Within can be found on the

website of the National High Magnetic Field Laboratory at Florida State
University.

http://micro.magnet.fsu.edu/primer/java/scienceopticsu/powersof10/

Credit: Florida State University. A Java plugin for the browser is necessary to
watch the animation.

Quarks, Gluons and Co. 42


http://micro.magnet.fsu.edu/primer/java/scienceopticsu/powersof10/

	Quarks, Gluons, and Co.
	Zooming in on the World around us
	Atoms
	Atoms
	Scattering Experiments
	Electrons
	Taking a Look inside an Atom
	Taking a Look inside an Atom
	The Nucleus
	Particles
	Electromagnetism
	Electromagnetism
	From Forces to Quantum Fields
	The Hadron Zoo
	The Hadron Zoo
	Deep-Inelastic Scattering (DIS)
	Deep-Inelastic Scattering (DIS)
	The Discovery of Quarks
	Quarks
	Quantum Chromodynamics
	Gluons
	The Standard Model
	Now You Can Own the SM to Hug!
	Standard Model and Beyond
	Hadrons = Bound States
	Asymptotic Freedom
	Confinement
	Confinement
	The Modern Picture of Hadrons
	The Era of Quarks and Gluons
	Exploring Quark-Gluon Plasma
	The Relativistic Heavy Ion Collider
	Au+Au Collisions
	RHIC: Temperature
	RHIC: Exploding Quark Droplets
	RHIC: Elliptic Flow 
	Hard Probes 
	What Have We Learned?
	Sonic Booms in the QGP?
	Quarks and Gluons at LHC
	Slide Number 41
	The End

