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What we can learn from distributions of things in space
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Introduction

Physics has partly evolved from the wish

to describe, predict and understand

the distribution of things in space.

el

U Why do iron filings form patterns?

Afimagneti smo

TP

U Why do electric currents influence

iron filings in the same way as

-

magnets do?

A links between different forces
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The Rutherford experiment

i Understanding spatial distributions o 0 >
Is closely linked to understanding Electron cloud

the structure of matter. — ° o -
o
U Example: Rutherford experiment: :_.‘:\_o 2 e
Ascattering alpha particles off Alpha particle nucleus
gold atoms (thin foil) — iﬂ >
Aexpected only small deflections o o -
A found some alpha particles ; °
scattered by ~ 180° n °
A revision of model of the atom —
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£001 m The structure of matter
Kristall
1/10.000.000 U At all length scales find larger structures consisting of
10° m smaller parts bound together for extended period of time:
Moiexd) U try to explain structure of matter in terms of its
1710 constituents and their interactions
16°m Aatom:
ko nucleus and electron ( e ) 0 cdlestuochagnetic interaction
1/10.000
i Anucleus:
10 ' m . . _
Atomkern protons (p) and neutrons (n), boundbyfistrongo i,nter
1/10 also affected by i we a k 0 (éxampleen A p+e +n,)
10 *m Aprotons, neutrons:
Proton _ _
guarks, bound by strong interaction
1/1.000
18 y L . :
<10 °m U gravitation negligible at atomic length scales
Elektron,
Quark
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Elementary
Particles

The Standard Model

U elementary particles quarks and leptons:

no measurable sub-structure, spin 1/2

U interactions between them can be

described by gauge theories

Leptons Quarks
Force Carriers

U quanta of interactions have spin O

| 1l i
Three Families of Matter

i 5
S g:: - W 2 Photon Gluon
S  Quarks and
Quarks and Quarks
Acts on Lﬁptons- Charged Leptons

and W W and Gluons
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Unification of forces

HERA 1& Il U electroweak interaction:
T‘ | | | | LI ] | | . .
"’i; | | common description of weak and
@ 7 H1 e'p NC 8407 (prel) o _
< 10 7 ? A4 H1&p NC 9407 (prel.) electromagnetic interactions
=] b
o 0O ZEUS &'p NC D6-0T (pral) .- : . .
~ _ NC o ZEUSepNC U experimentally confirmed:
% ' —— M o'p NG (HERAPDF 0.1) neutral currents, Z, W bosons
-~ i —— 5M & p NC{HERAPDF 0.1}
_E 10 . E =
* a L — By U Supersymmetry could permit further
— .‘ I":: . ) - . - -
= CC * ; Hi--.._-,h é unification with strong force
_"l-;]g_ * H1 "mem.] i IT": BDI_ T _1| T T T T T ]
= Hiep CC 2005 (prel.) Dl q .
L = ZEUSe'p CCO6-07 (prel) « v 50 -
-+ ZEUSepCCO406 AN a0l
10";— SMe'p GG (HERAPDF 0.1) % I :
= SMep CC(HERAPDF 0.1} W ' 0L
3 y <09 ' 200
- P.=0 % j -
—— 2| | 1 | - | 1 1 1 1 1 11 II | 1 10 B
107
10° fo o
M 2 @ (GeV) 102
W
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Variations of the Rutherford experiment

U Modern high energy physics experiments
still follow the same principle as the

Rutherford experiment:

U Collide particles and study spatial

distribution of the resulting final state

U variations:
Afixed target vs experiments with
two colliding beams
Adifferent types of colliding particles:
e*e, pp, pp, ep, Pb Pb

Acentre-of-mass energy of the collision
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A generic particle physics detector

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

| Proton

W,

Solenoid magnet

Tracking
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The dashed tracks
are invisible to
the detector
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Event reconstruction

U Similar to the brain analysing and combining input from the different senses,

event reconstruction is needed to combine data from various subdetectors.

U Requires: synchronisation of timing between all subsystems and the collider
U Calibration:
Aof all subsystems locally for low-level objects (hits, calorimeter cells...)

Aof resulting physics objects: muons, electrons, photons, ...

U Tracking / pattern recognition: combine hits to form tracks

U combine calorimeter cells to form towers and clusters

U reconstruct jets from tracks and/or calorimeter input (jet: narrow spray of particles)
U sometimes:
Acombine tracks and calorimeter input, e.g. muons, particle flow approach
Aflavour tagging: identify flavour of parton corresponding to jet (see later)
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From partons to jets T from |ets to partons

Calorimeter
shower

lF ! .
4., material,

| ¥~ Magnetic field

\ I' l’ ‘
lmdll ion.

19t Out of cone
)
¢ partons
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factorisation theorem for QCD:

states that one can consider separately:
Aparton distributions inside colliding protons
Across section of hard interaction, described

by perturbation theory (LO, NLO, ...)
Afragmentation (parton showers, hadronisation, jets)

Aunderlying event

experimentally:

Adefine jet algorithm (CHOICE)

Ause MC approach to model fragmentation (CHOICE)
Atry to understand parton level reaction from

measured jets (jet finder and MC choice A systematics)
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Event shape variables

U normalised variables calculated from 4-momenta of the hadronic final state
Adescribe its general geometry ;

Asensitive to a, can be calculated from perturbation theory

U examples: thrust, sphericity
D |ﬁl.£ ' 'f_?’ﬂ

300 . 300
200: 200
100} 100
= . p 0 of )
T=1 -100} 1001 &
-2ooi -200
30855 200 060 .100 W W 3% 200 -100 o0 100 200 300
X

M. Weber, CHIPP Winter school 2008
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A search for OCD-instantons

Nieto tracks), Inst. Region S. Chekanov et al. [ZEUS Coll.], Eur. Phys. J. C34 (2004) 255

U Instantons: predicted by the Standard Model

10k

U related to the complex structure of the QCD vacuum

1N, dNidN_,

1wk

track multiplicity

Nd‘l
Sphericity, Inst Frame, Meth2, Offl Cuts

0.25F

+  06/07 Data

|:| Djangch + Rapgap
—QCOINS

0.2k

1IN, dNid S

015k

0.1k Fisher discriminant

0.05F

sphericity

o U background-independent 95% CL limit on inst. cross section.:
0 01020304 0506 070809 1

S 26 pb (Q? > 120 GeV?, x > 103); predicted (QCDINS MC): 8.9 pb
+ further sensitive variables
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