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Spin is the intrinsic angular momentum of particles. Spin is given in units of K, which is the

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

Structure within

the Atom
Quark

Size < 1019m

Nucleus
Size ~ 104 m

e

Atom
Size = 10710m

Unified Electroweak spin = 1

force carriers
spin =0, 1, 2, ...

BOSONS

Strong (color) spin =1

Electric
charge

ER
GeV/c2

Electric
charge

Mass

GeV/c? Rane

Electron
Size < 1078 m

Neutron
and
Proton

Size ~ 10713

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-

cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons qg and baryons qqq.

quantum unit of angular momentum, where fi = h/2r = 6.58x10725 GeV s = 1.05x10-34 J s

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~19 coulombs.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c? (remember
E = mc?), where 1 GeV = 109 eV = 1.60x107? joule. The mass of the proton is 0.938 GeV/c?
= 1.67x10727 kg.

Baryons qqq and Antibaryons qqq

PROPERTIES OF THE

INTERACTIONS

Baryons are fermionic hadrons.
There are about 120 types of baryons.
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Mesons qq

Mesons are bosonic hadrons.
There are about 140 types of mesons.
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for two protons in nucleus

Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., Z°, v, and M, = ¢C, but not
KO = ds) are their own antiparticles.

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.
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A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron 3 decay.
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An electron and positron
(antielectron) colliding at high energy can
annihilate to produce B° and B° mesons
via a virtual Z boson or a virtual photon.

Not applicable

1
1 60
1 to hadrons

pp—> 7070 + assorted hadrons

hadron////”/// Zo ]

quarks & - pa o, —
gluons S

hadrons\\\
W&

Two protons colliding at high energy can
produce various hadrons plus very high mass
particles such as Z bosons. Events such as this
one are rare but can yield vital clues to the
structure of matter.
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The Particle Adventure
Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org
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Particle accelerator

* Device produces a beam of fast-moving, electrically charged atomic
or subatomic particles
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Particle detector

Year Name Detector principle Discovery Nobel Prize
1896 H. Becquerel photographic plate radioactivity 1903
1908 H. Geiger gas amplification

1911 E. Rutherford scintillation screen atomic nucleus

1912 C.T.R. Wilson cloud chamber many new particles 1927
1912 V. Hess electrometer cosmic rays 1936
1924 W. Bothe coincidence method 1954
1933 P. Blackett triggered cloud chamber eTe™ pairs 1948
1934 P.A. Cherenkov Cherenkov radiation v oscillation 1958
1947 C.F. Powell photoemulsion pion 1950
1953 D.A. Glaser bubble chamber ()~ neutral currents 1960
1968 G. Charpak multiwire prop. chamber 1992

1980 Si microstrip detector BB oscillation




Historical Particle Detectors

Bubble chamber Cloud chamber




Large particle detector aparatus
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Particle detection by semiconductor detectors

* charged particle loses energy by ionisation
or a photon absorbed in semiconductor
part of released energy used to generate

ectron-hole pairs

e
charge carrier pairs separated in electric field
a
S

pplied to the semiconductor and drift inside
the bulk toward the electrodes

electronic signal determined in size and
hape

» generated of e/h pairs

* velocity of their drift movement

* electrode geometry

» drift velocity depends on carrier mobility p
and the magnitude of the electric field
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30% of largest measured charges
are truncated
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Single-sided silicon detectors

* single-sided pro
* simpler and cost effective guard ring

» good for large area detectors ir)(tc_armediate
strip

Kolanoski, Wermes 201

(d) Strip detector.

(a) pn area diode.



Two-dimensional position information

» 2D position with crossed

strip layers
e cons: material thickness
doubles

* increased multiple scattering
and secondary interactions

 double-sided strip

BeO Facings

Hybrid Assembly

Washer

 small stereo angle allows several
modules aligned as a 'ladder

Baseboard

Silicon sensors Datum Washer Connector
BeO Facings
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Ambiguities in crossed strip layers — ‘ghosts’
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(a) Orthogonal strips. (b) Small angle crossing.
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Double-sided microstrip detectors
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Silicon strip detectors as vertex detectors

(a) Fixed-target experiment (HERA-B). (b) Collider experiment (H1).
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Hybrid pixel detector
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(a) Hybrid pixel cell.

sensor backside metallisation

pixel implant

HV

readout pixel

electronics chip

(b) Pixel matrix.
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Monolithic CMOS pixel detectors

* Monolithic active pixel sensors (MAPS)
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w ohmic)

» deposited charge is very small (~ 1500€e) , slow readout
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