Introductory Course in Particle Physics

Stephan Paul
TU-Munchen

stephan.paul@ph.tum.de

Course for astrophysicists



mailto:stephan.paul@ph.tum.de
mailto:stephan.paul@ph.tum.de
mailto:stephan.paul@ph.tum.de

Role of particle and nuclear physics
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History of the Universe
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e
Building Blocks of Matter

Exzellenzcluster Universe

4 Die Krafte entstehen durch den Austausch von Teilchen
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History of the Universe
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10-43 Seconds after Big Bang: The curtain lifit-S:euwseies

¢ 4

BigBang 10™"sec

e are foam-like

* Mini-black holes (LHC)**
* Gravity at short distances

(neutrons)
Weltformel

== Al forces are unified §

e wend e s e el

== Only 4 dimensions participated in expansion
of space in inflationary stage

== Other dimensions are curled--up
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10-35t010-32 Seconds after Big Bang

Exzellenzcluster Universe

Inflation:
-32

Quantum fluctuations in energy
density are amplified ( )

Are basis for large scale structure in
the Universe and creation of

¢ R

BigBang 10%sec 10 "sec
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10-34to 10-33 Seconds after Big Bang
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10-34to 10-33 Seconds after Big Bang
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Until 10-¢ Seconds after Big Bang

Exzellenzcluster Universe

Soup of elementary particles and
exchange bosons in steady interaction

t 9 Thermal cooling due to
q 8
¢ Change of strength of forces
N
*q
L/
T
T q » Weak force is becoming too weak,
* Neutrinos meat other particle too rarely

Universe becomes transparent to

q
u
8

¢ 4

BigBang 10 "sec 10 ™sec
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Exzellenzcluster Universe

CERN's Chain of Accelerators

. VYWY oww

LEP/LHC
SPS . [y
- 36 km
hA
EPA - <« < LIL
e'e linacs
BOOSTER ¥
5 ) Q AD (In preparation)
P {proton)
o
o {peeiyon) )
;vmmm LIL : Linear Injector for LEP SPS : Super Proton Synchrotron
EPA : Electron-Positron Accumulator LEP : Large Electron-Positron Collide
PS : Proton Synchrotron LHC : Large Hadron Collider
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CERN Accelerator and LHC

Exzellenzcluster Universe i.
T
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10-4to 10-2seconds after big bang

Exzellenzcluster Universe

L' View of protons with

(Quark-Gluon Plasma) high resolution
{ 4 ¢ $

BigBang 10™sec 10"sec 107 sec
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10-2 — 103 seconds after big bang

um
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No stable elements with
A=50r A=8

Relevant quantity:

First 3 minutes are
over
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Synthesis of Elements — What a Star does

Exzellenzcluster Universe

ot prion 30 coplodiog |
23 & wponive |

Nuclear fusion in centre of sun:

4 p -—4He + 2e* + 2v,_ (+ 26.7 MeV)




What does the sun do ? .

Exzellenzcluster Universe
vu

Flux (fomx'/s or fom' [W/MeV)

Solar Neutrino Spectrum
Bahcall-Firsonneanlt SSM

rep

rsand it s sssrd s s st s i

1.0 10.0

Neutrino energy [MeV]

'p+p »H+et+v, | pte +p »H4+Ve

H+p »Het+)

85 % p— | ~ 15%
‘Het+He ~ He+2p *He+'He » Be+y

0.02% N\

Re+ e 7 i+
Bet p r Bty Bet e » Lit v,
B »» %Be* +e*+ v, Li+p » He +*He
Be* ~» “He +He

Hetp - Here' +v,

On earth:
65 billion neutrinos per s and cm?
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Light and Neutrinos from the Sun ?

Exzellenzcluster Universe ¢ un

represents number of represents wavelength created
neutrino reactions reconstructed by electromagnetic force
in water tank (neutrino detector)

Weak force Electromagnetic force
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Light and Neutrinos from the Sun ?

Exzellenzcluster Universe

40 m high
40 m O

1 km deep Kamioka Mine, Japan 11146

light- detectors
50 cm
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Heavy Element formation in Supernovae

Exzellenzcluster Universe
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Dark Universe

Exzellenzcluster Universe

Composition of todays Universe
Stars + galaxies ~0.5%
Neutrinos ~ 1%

‘Normal matter’ (Electrons und Proton:::) ~5%
Dark Matter ~ 25% ﬁ = q @ 3
And matter%‘w

BigBang 10™sec 10 "sec
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Dark Universe

m
Exzellenzcluster Universe n
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Composition of todays Universe

e Stars + galaxies ~0.5%

* Neutrinos ~ 1%

* ‘Normal matter’ (Electrons und Protons) ~5%
e Dark Matter ~ 25% ﬁ e

And matterm..“\"

stars baryon neutrinos

. dark matter

BigBang 10™sec 10 "sec
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Outline of Lecture

Exzellenzcluster Universe ﬂ.
T

Introduction

Forces
Electromagnetic interaction
Gauge principle
Strong interaction
Principles Couplings
Hadrons Nuclear physics
Quark gluon plasma
Weak interaction
Charged current
Parity violation
Principle (gauge symmetry)

Neutral currents
Particle oscillations

CP violation
Neutrino interactions

Higgs Mechanism
Running couplings and Supersymmetry
Accelerators and Detectors Baryogenesis
Primordial Nucleosynthesis
Neutrinos
Black holes
Dark matter
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Exzellenzcluster Universe

System Energlespektrum
— Length:
Femtometer, Fermi 1 fm =10->m
Energy:
T Electron VoIt 1 eV =1,602 -1029)
With charge: e =1,602 - 10 C
— Mass:
Atomic Mass Unit
1u=1/12 m(*2C) =1,66 -10-2 kg
M pb-Kem
GeV
Following Einstein: E = m-c?
— [m] = MeV/c?
oo 03f ——— 1 u=931,5 MeV/c?
0" m  oon
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U n its I I Exzellenzcluster Universe

Planck - constant:

h = 6,582.10-2MeVs = 197 MeV fm/c

fic =197 MeV fm

e? 1

he 137

Fine structure constant: (| =

Natural units:

Energy MeV
Mass MeV/c?

Momentum MeV/c

L.ength fm Frequent convention
Time fm/c
Charge \ﬂhc =e=12/MeV.fm h =c =1

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

Energy:

2, 2
7 \/ T 55 > mc+p /2m Forp<<m
= Jm*c* + p’c

pc p >>m (extreme case: Photon)

Energy: electron Volt in SI units:
SI: 1eV=1.6022-10"1]
Mass:
Sl: 1 eV/c*=1.783-10%kg
Momentum:

Sl: 1 eV/c=5.34410-2kg m/s
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Exzellenzcluster Universe Qb

4 - vectors P= (E/C ) Pt = (PO’P],PZ’Ps) = (Elc, p)
P Pu = (po, P1, P2, p3) = (Elc,—p)

Energy: E = \/m2c4 +p 22

2 _ 3 — _E _ 32 2.2
Lorentz scalars ~ p2 — Zlﬁopﬂp“ =p'pu=2-P° =mc

Invariant under Lorentz transformation — same value in any system of reference

Centre of mass energy 2
»usable” energy in a reaction S = (Pl + P2)

E> =m
; — , =m? +m3 +2E\m
Lab-system Ep.pi o p5=0 s =mj+m; +2E\m,

CM-system E\pi - - Exp> W=VS=E+E,
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eaction Rate and Cross Section
Exzellenzcluster Universe gb

.o:/ Nb=nb'F'd

o
{ 1 N\
] S ’>'”< # target particles within beam cross section
—7 /// %Eé’

\ VA E
::;_::s Jzna.vaz ]X‘a —_— .CO’LL’ntS

time - area

Beam flux (velocity v,) n,

n, : particle densities

Luminosity: L=J- Nb‘
Reaction rate R=1L- O,

2r
0',.=/ d¢/ dcosG (6 0)

Reaction cross section
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Exzellenzcluster Universe Q&

Fermi‘s golden rule:

2r 2 dn(E)
W= —"|m E —
¢ h| &l " p(Es) p(E) -

Transition rate from initial state i to final state f Density of final states

Reaktionsrate R~ N,N,

O,—f = - — = W. £ Cross section
= Luminositat L L = “effective area”

21

- lume V will d tvi
O: = — | EV Volume V will drop out via
8 hV, I ﬁl P (Ex) normalization of My

Stephan Paul | Particle Physics for Astrophysicists 27



Exzellenzcluster Universe

" DrcEquaton
‘B

. a hz "2
'Lﬁ—l]l =HsY = ——V Y | Schrédinger equation

dt M
=D
_p”
£=3
d . —r
E —ih—, p — —ihV Quantization
) ih 5 P —h .
. J 10 o
M= (Ct, r) 3‘, — ——— (__ V) 4-component nomenclature
dxH cat’
Pl = (E,ﬁ) — iho"
A\ ¢ /
- I
= m2e2 23 Ju 2.2 — () Quantization of relativistic
Py[)" me (h a”a e )¢(x) e kinematics

s —“Apu
Y ¢(x) = Ne ¥ Klein-Gordon equation )
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!II’aC !quallon “ - !ermlons

Exzellenzcluster Universe li

r'l

{ E= pOC = i\/’712(34 +p 2¢? Solution with negative energy J

Linearize in energy and momentum:

d . o a8
izl}/:}fpw mit sp=0-p+Pm=—0-V+pM

az — = 2 . —e = -p = 2 2 . . g \
55 Y = HpHpY = (—(a V)Y —iM(d-VB+Ba-V)+pBM )‘I’ relativistic
<L -_— energy — momentum
-l =-VHM ISP relation

J

a, B: 4x4 matrices oB +Bo=0 . (O 6)
_ R g ' o=\ =
W:  4-component vector = spinor 0y + 00 = 23 c 0

1 . 0 .
E-M -G6-p AN L X = (0) spin-up, X = (1) spin-down
oc-p -E-M)\¢) \O ~

G-p
E+M

Q= y 4
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lllrac !qualllon “‘ ii|
Exzellenzcluster Universe /

Still we get two solutions: with positive and negative energies

/ --‘/

[ .. % _ | 2==Xs : _ P 0
u,(p)—(;_&xs) V.s(p)—(EP Xs) mllxln_—(o) Und)_’_uz—( l)

= = AN us(p) e Px ('ypp"' —m)us(p) =0 particle
Y=< = v_s(p) eP* ('yup” + m)vs(p) =0 anti-particle
Particles: move in +t with positive mass (energy)

Anti-particles: move in —t with positive mass (energy) or +t with negative energy

(iyf’%w.g.iﬁ& . ﬁ_M)wz 0 Dirac equation | (7 a“ -M - 144)y =0

wo(l0) oo (3) oo %) ppa= (5 §) w5 2)
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Feynman Diagram

Exzellenzcluster Universe

~RIGHARD FEYNMA

PHYSICIS
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chard Feynman

Aquarium




Exzellenzcluster Universe Qb

free particle (Dirac, Klein Gordon)

Vertex: o

propagator

Exchange Boson
positive Energie negative Energie é’ ( ) 1
¥ space FAP C p?—m? 4ie
u-Quark Vi e
¢
W z°
8s 8s — M
Gluon
Elektron Elektron Quark Quark  d-Quark Vi e
I ¢? 1 g2 =L
TN dreghe T 137 %= e >

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

Amplitude
. g [ g . 1
coupling "7, = Jaz coupling M~ - 2

1 2
2
Pse=13 P
Cross section
do | o’
2 g~ —
R b @ |Mﬁ| -_——

(dQ)M°" 2 53,5¢ Q4

p.si=%3 E

¢ =@-p')? =2m?-2(EE' - |p||p’| cos 6) = —4EE’ sin’

Stephan Paul | Particle Physics for Astrophysicists
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eynman |agrams
Exzellenzcluster Universe Qb
5 ¢ et _
¢ ¢t time
4
+
g ¢ i 5 > space
interference
H auli- ; : » Keep track on fundamental processes
* See similarities between processes
¢ ¢ ¢ ¢ e  Same initial and final states:
scattering interference

annihilation
Crossing

p n
e <t

Same diagram: same amplitude
. Except for kinematic factors

. Rotation of diagramint — x plane
crossing

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

wtooon”

=

=

Interference |

S

) E
- e’

<

electroweak interference
,Iree diagram”

“Higher Orders — em scattering”

Zeit
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Exzellenzcluster Universe Q&

A h
Compton wave length: -
2T me .
De Broglie wave length: p=hk A =2nlk
. - _ .- h A
Uncertainty relation: Ap - AX 2 2 AEAt > 3

Range of virtual particle of massM  AEAt ~ mc*At > -g— — Range =~ cAt > 2::2002

Examples:

1. Electromagnetic interaction: m, = 0

2. Weak interaction
* W+, W-exchange: m, = 80 GeV/c2 range = 0.001 fm
* 70 exchange m, = 90 GeV/c?

3. Strong interaction: m, =0

* Gluons self interact.. range about 0.5 fm
4. Strong (nuclear) force: m_= 140 MeV/c? range =0.8 fm

Stephan Paul | Particle Physics for Astrophysicists 36



Exzellenzcluster Universe

How to resolve structure: Objects smaller than wavelength cannot be resolved:

p=hk A =2nlk
In scattering: relevant quantity is momentum transfer Aﬁ

k-R=1 bzw. p-R=h

' Particle beam

(Impuls p)

Stephan Paul | Particle Physics for Astrophysicists 37



Exzellenzcluster Universe Q&

Lagrange function: L (xj, Xj, 1) L=T-V

doL OL

aafrj—axj =0

Equation of motion:

Noether theorem: every invariance of the equation of motion leads to a constant of motion

Spatial translation: X — X+ ox Momentum conservation
Time translation: t — 1+0t Energy conservation
Spatial rotation xX—D- X Angular momentum conservation

X+0@XX+...
Continuous symmetry operation

Mirror operation: X — —X Parity conservation

Discrete symmetry operation

Stephan Paul | Particle Physics for Astrophysicists
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!ymme!rlles an! !uan!um !lle‘!s

Exzellenzcluster Universe
F.‘

x(t)—»q(t) generalized coordinates describe e.g. mass points

q(t) —» ®(x) quantum fields describe fermions and bosons

q(t)— a¢(x_) - GM ¢(x) x* 1s 4-vector
ox"
L(xj’xj”) — L (¢(x), ap¢(x)) Lagrange density
d 9L 9L d 2mv: 9V 0L Or
TR —O = - =0 — -
ddg " dg. =0 A2 on 0 %90,000) 0000

Euler-Lagrange equation

Classical mechanics: L=T -V

mB—VV(;,t) Equation of motion

Field theory:

assume spin 0 particle Klein Gordon equation

1 2
K Gordon = 50 O (I P(3) - %«r(x) = 0,00(x)—m*o(x)=0

Stephan Paul | Particle Physics for Astrophysicists 39



‘ !ymmelr!es an! !uanlum 'lle‘!s “ -;
Exzellenzcluster Universe y

Field theory:
assume spin 1/2 particle (spinor 1) Dirac equation

Lpime = P [ind —M]w(x) —  (ig0"=M) y(x)=0

Examples for symmetries in quantum mechanics

VZ
HY=Ey H =—2—+V(") W(r) = Rue(r)Y e (9, @)
1

m

Central rotationally
/ symmetric potential

[.’H , L] =0 Leads to angular momentum conservation and (2m+1) degeneracy

ry(r) =y it [#,2]=0 — 2y(r)==xy(-7)

Eigenstates have defined parity

Stephan Paul | Particle Physics for Astrophysicists 40



Exzellenzcluster Universe gi

r.l

.

. . - !
Consider parity: @ : ¥ —r =-—r polarcoordinates: 6 — 7 — 6

PP Y(F, 1) = PY(=F,1) = Y(F,1) & 2> =1 Py =Py, P=+I]

polare Vektoren axiale Vektoren

Ort 7

Impuls p =M ‘ff

Elektrisches Feld E = —64) (erzeugt von der Ladungsdichte p)
Vektorpotential A (erzeugt von der Stromdichte 7= pV)

Drehimpuls L = 7 x j
Spin ;0
Magnetfeld B=V xA

P=-1 P=+1

Yem(m — 0,7 + @) = (—1) Yu(6, @) Ppapn = (—1)°

Consider time reversal: T : t — —t.

momentum: p — —p

angular momentum: [, — —[. & — —C

wave function: W(X, 1) =expip - X—iEf) =  exp(=ip - ¥ —iE1)
TWYX, 1) =V (X,—1)

Stephan Paul | Particle Physics for Astrophysicists 41



g‘)b

Time reversal of Langrangian: process has same amplitudes in both time directions

“detailed balance”

Consider charge conjugation:  ¢|g) = [) clq) =|q)
For particles being their own antiparticles (y, n°): c|a) = Cqla)  C, = *+1

Consider electromagnetic fields:
C ((P \ /_\’) - —(¢, 1‘—{) vector potential
c(E,B) =—(E,B) fields

clvy=-h  C(y)=-1

Many more symmetries exist— conserved quantum numbers

Stephan Paul | Particle Physics for Astrophysicists 42



Discrete Symmetries and Quantum fields Il ecenousees

CPT-Theorem:

All locally Lorentz-invariant field theories are immune towards a combined application of
C, P and T transformations:

CPT is an exact symmetry

» Lifetimes and masses of particle and antiparticle are equal
« If a Langrangian is not invariant under C,P or T, it must also violate the combination of
PT, CT, CP, respectively

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

Discrete Symmetries

start identical to
start

Stephan Paul | Particle Physics for Astrophysicists 44
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Exzellenzcluster Universe

Discrete Symmetries

start identical to
start

d

antiparticle particle

using Escher©

+ -
e e © idea by H.W. Wilschut
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Exzellenzcluster Universe

Discrete Symmetries

start identical to
start

antiparticle particle

using Escher©

+ -
e e © idea by H.W. Wilschut
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Exzellenzcluster Universe

Discrete Symmetries

start

antiparticle particle
et e-

,;,.:

FLN

MY

Matter

SR

AL

(S

RO
A A

\ ¢

mirror image

P

identical to
start

using Escher©

© idea by H.W. Wilschut

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

Discrete Symmetries

start

Matter

Antimatter

) {*, { ; : ) ) D P ',7 ":' 4
n 4 . l = 4 - N A, R = ‘ NS \1 . : "
; : -’ .
i) T | ) J J
tatabtaidededad VLYLYT

antiparticle particle
et e-

mirror image
P

identical to
start

using Escher©

© idea by H.W. Wilschut

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

Discrete Symmetries

Matter Antimatter

start

*, { 3 : ), ), ) A ,'7 e 2
‘ ¢ T 3 Ll ) /
mirror image time —
P C

antiparticle particle
et e-

identical to
start

using Escher©

© idea by H.W. Wilschut

Stephan Paul | Particle Physics for Astrophysicists
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Exzellenzcluster Universe

Discrete Symmetries

Antimatter

i
%%T#M#u abatitabtale

Wl

identical to
start

mirror image time —  <—time
P C T

World is invariant under CPT

antiparticle particle

using Escher©

+ -
e e © idea by H.W. Wilschut

Stephan Paul | Particle Physics for Astrophysicists 44



Exzellenzcluster Universe

 eractonsand Symmetries
@b

Gauge theories:
What has a symmetry to do with an interaction ?
Sketch for electromagnetic interaction:

Dirac equation (describes equation of motion for fermions):

. d
(1}1, oM — m) yx)=0 J= I

Sum of derivates of all 4 coordinates
x=(1,X)

Corresponding Lagrange density for a free particle:

Lpine = PO (iR —m)y(),  §=yly
fdtLDirac = fd4x Lpirac  Action will be extreme (path integral)

At extremum, action should be insensitive w.r.t. small changes of

Stephan Paul | Particle Physics for Astrophysicists 45



‘nleracllons an! !ymmelrles “
Exzellenzcluster Universe g&

Consider simple symmetry operation (gauge transformation):
y) — ey = Uyp),  §x) — pxe™
¢? e U)mit U = U! U: unitary

B {consl global gauge transformation

B(x) local gauge transformation

Global gauge transformation: trivial

Consider local gauge transformation

Iy (Uy(x)) = €99, y(x) +ie' y(x)d, 0(x)
LDirac — Lirac = Y(X) % W (X)9" 0(X) # Lpjirac

Although absolute phases not measurable: no free Dirac particles possible

— We must change expression for Lagrange density to obtain invariance !

Stephan Paul | Particle Physics for Astrophysicists 46



‘nleracllons an! !ymmelrles “‘
Exzellenzcluster Universe gb

Eich-
Introduce Gauge Field Au(X) — Ay (x) + dy B(x)

and add dy — Iy —ieA,(x) = D,(x) minimal substitution
normale T eichkovariante
Ableitung Photonfeld Ableitung

invariance U1 ['i,'yuD” —m] Uy(x) = [i'}'ﬂD“ -m] v(x)=0

Lioppt = W (13D — m) y = Y(x) (130" + y2* (x) — m) y(x)

contains coupling of gauge field to fermion introducing interaction
Gauge field has properties of photon field

Requirement of invariance under local U(1) symmetry
introduces electromagnetic interaction

We may say: local change of 0 at point x, requires 0 to change everywhere to restore invariance
Communication of phase change to all x is equivalent to interaction

Stephan Paul | Particle Physics for Astrophysicists 47



Exzellenzcluster Universe Q&

For QED: gauge field is well known: Ay = —eAu Dy(x) = au +ieAu(x)

Field strengths are summarized in the field strength tensor:
1 1 . .
Fin9) == [D,, ), Dv(x)] =2 [a,, —ieA,(x), d - 1eAv(x)] = QA (¥) — DAL (x) = —F (1)

Derivatives can be interchanged: gauge invariance guaranteed

0 -E, -E, -FE;
Foo= L, 0 =By B
WELE By 0 =B
EF; -B, B, 0

Gauge field boson (photon) contributes to total energy: Add kinetic term in Lagrangian

1
Loep = Y(x) (i D" —m) y(x) — 2 Fuv@F* ()

2
v) _ ’Y
Additional (explicit) mass term would not be invariant to U(1) £Masse — —2 ‘u(x)Ap (x)

Photon must be massless : range infinite

Stephan Paul | Particle Physics for Astrophysicists 48



Symmetries and Quantum fiEIds "I Exzellenzcluster Universe

Symmetries are all transformation fields leaving Langrange density invariant
— conserved currents

l Hv - I ’ ’ ’
L =ZF,,,,F‘ -J A, with F""=9"A" -9"A" field strength tensor

oL 19
00,4,)  40(0,4,)

O B R S
=-58"8 20, A,,)[(d"A> (dﬁAaXdaA/f)]

('),HAV + («)VA,M . _P',lu'

(0,4, 0,4, Yo 4? —a# 4°)|
o,

ol B

——==]

d4, kovariant Maxwell equ. conserved current
| |

0 OL — OL —O - v ¢l 5% o sV ¢

“00,0(x)  09(x) =9 "=, a,j =0
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Other Gauge Theories

m
Exzellenzcluster Universe n
vu

SU(?’)colour
Describes strong interaction
e symmetry : rotation in colour space

(colour not distinguishable)

SU(2),

Describes weak interaction
e symmetry : rotation in weak isospin (left handed fermions) U(1),

Describes hypercharge interaction
 symmetry : local phase transformation

(right handed fermions) SU(2), x U(1),

Describes electroweak interaction

Stephan Paul | Particle Physics for Astrophysicists
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Ll L] a
Rutherford’s scattering experiment =
Scintillation screen =
=
o
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Exzellenzcluster Universe Q&

charge density

) -
°2"=2°0MZ f“‘-% =  hg=gq=50MeV

r=1-10fm(r= roAle)
q=p-p=p*+ @) —2pp'cos O
p,, =500- 700 MeV/c assuming 0 = 180°

Observe “diffractive” pattern
. “location of minimal reveals size (radius) of nuclei
. Drop with angle reveals

shape of charge distribution 10

2636 407 50 60°
Streuwinkel
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Exzellenzcluster Universe Qb

- Lepton E ®\ E Lepton
1- +
Prinzip e, 1) /’ e, 1)
¢ T ¢ T ¢ T ¢
(o 1 +cos* 2 1 +sin* 4
€)= in'® sin®cos?® | cost ®
2 2 2 2
Interferenz- g
term
, 250 |-
do « s s
—=—F(0), s=W"=4F" 200 -
dQ  2s
150
. Z 100
Bhabha-scattering: s
* cross section exactly calculable or
* experimental data agree with calculation 0 18 20 30 80 50 ¢85 10 80 2o 10
* “finite-size” effects of electron is small 5 (Gev?)

r. <107 fm=10"m
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vacuum polarization

(Lamb-shift)

E=0
E=-085eV
E=-151eV
E=-340eV
central potential
spin-orbit interaction (FS)
spin-orbit interaction (HFS)
E=-136eV

P

Lezba fd owa [e’)

=
=
-
|
}'ﬂ
x‘u
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Hydrogen Atom |
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Radius of proton:

Test Coulomb potential close to proton
Deviation of spectrum from calculations reveal finite charge distribution

Average distance of 1S electron: (Bohr radius) a, = 0.5 Angstrom
h?

me?

g —

Exchange electron by muon (m, = 207 m,) Bohr

radius of muonic hydrogen: 2.5 10-Bm
Experiment combines :
particle physics (production muonic hydrogen)
atomic physics (Laser spectroscopy)

<r|02>1/2 =0.84184 + 0.00067 fm =0.8 10> m

Lifetime of muon: 2.2 us !!
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Relevance for Astrophysics
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¢ ~(K')
k) e
I e ~(k)
¢ (k)
Early Universe: Hydrogen formation in competition with ionization by hot CMB
Reionization after first star formation

}_‘ + X e'e” —
< e < e

INTEGRAL satellite: Antimatter cloud surrounding our galaxy 511keV line

Origin: X-ray binaries
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Strong Interaction

Exzellenzcluster Universe gi
T

Players:
Quarks and Gluons

Quarks carry:
electric charge (-1/3, +2/3) — coupling to photon

colour charge (r,g,b) — coupling to gluons
weak charge — couplingto W, Z

Gluons carry: ~
Colour charge (e.g. rb...) — coupling to quarks and gluons

q
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Strong Interaction

Exzellenzcluster Universe

CATLAS
2 EXPERIMENT

2010-03-30, 13:16 CEST
Run 152166, Event 399473

2-Jet Collision Event at 7 TeV
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Exzellenzcluster Universe

Free quarks not observed

searching for fractionally charged particles

* at accelerators:
* Cosmic rays
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Quarks:

postulated to explain large number of particles found, inteaction strongly
* particles (lifetimes below 10-16s)

e p,n A2 E, Q baryons

e 7=, 0, K, D, B mesons...
* Resonances (“states” decaying strongly with lifetimes above 10-205)

@’rolon

proton
@ rulran@lﬂmbdtx
Baryons: qqq
Vesons: qq
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Originally “model particles”

carriers of quantum numbers
ldea:

electric charge: +% and -4

baryon number: %

spin: %2 (fermion) colour:

re,b

Anti-

KO

Jhy
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Exzellenzcluster Universe gb

Scatter electrons (muons)
« Point like particles
« Carry electric charge
« Energy: wavelength of exchanged photon: A < 0.2fm (resolve proton)

elastic scattering

Proton

Findings:

* Scattering distribution follows “elastic” 2-body scattering

* no dependence on “wavelength (momentum transfer Q2)
* Cross section: = ¥ 7

* Quarks move inside nucleon with distribution function q(x)

Stephan Paul | Particle Physics for Astrophysicists 61
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Nucleon inside is very complicated
e Quarks are bound by gluons (“elastically tied together)
* Gluons self-interact 1
*  Gluons form gg—pairs
e also antiquarks in nucleon
* quantum effects depend on “size scale”
— picture of nucleon changes slightly with resolutlon

* Gluons carry 50% of momentum

Spin of the nucleon

Quarks and gluons carry spin:

* nucleon has spin S=1/2

* how does spin of quarks and gluons add up to S=1/2 ?
» active field of research
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e* e- Collider (DESY)

Exzellenzcluster Universe
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