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‘ Administrative Points

= 5 lectures:
a Tuesday 1pm : 15% February and 4™ May
o Wednesday 12am: 16" February and 5" May
a Thursday 10am: 17t February

= Course Objectives, Lecture Notes, Problem examples:
o http://hepwww.rl.ac.uk/fwilson/Southampton

= Resources:
o K. Wille, “The Physics of Particle Accelerators”
o D. Green, “The Physics of Particle Detectors”
o K.Kleinknecht, “Detectors for Particle Radiation”
o |.R. Kenyon, “Elementary Particle Physics” (chap 3).
a
a

Martin and Shaw, “Particle Physics”
Particle Data Group, http://pdg.Ibl.gov
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http://hepwww.rl.ac.uk/fwilson/Southampton
http://pdg.lbl.gov/

Syllabus

1. Part 1 — Building a Particle Physics Experiment
1. Accelerators and Sources
2. Interactions with Matter
3. Detectors

2. Part 2 - The LHC and the search for the Higgs
1. What can you get for $10,000,000,0007?
2. A modern particle physics experiment
3. How an analysis is performed.
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Natural Units

Natural Units: ﬁ

o Energy - GeV
o Mass — GeV/c?

a Momentum — GeV/c 2 A2A2 2 4
o Length and time — GeV? E o p C +MC

' 2 2 2
Use_ the units that are — E° = D°+m
easiest.

1eV=1602x101°J

|
 —

C
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Introduction T, (K)=1.5x10"t " t<10"secs

. T . (K)=2x10"t"* t>10"secs
= Time, energy

(temperature) and ~ Boltzmann constant, k =8.619x107eV K™

distance are related:

o High momentum : Small
distance : High temperature
. Early Universe

HE

Energy |Age (secs) |Temp. (K) |Observable Size
1eV 1013 104 106 Light Years
1MeV |1 1010 106 km

10 TeV |10%4 10/ 102 mm
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Natural Radioactivity

= First discovered in late 1800s

= Used as particle source in many significant experiments
0 Rutherford’s 1906 experiment: elastic scattering a+N— o+N
a0 Rutherford’s 1917 experiment: inelastic scattering o+N— p+X

= Common radioisotopes include
a *Fe:6keVy, 1,,=2.7 years (discovered? GPHS-RTG
a “%Sr: 500 keV B, t,, = 28.9 years (1790)  cootingTus "?‘ﬁ?ﬂi“A‘L‘.:Lf;i‘i‘im :;Ac%nh?lm
a 2Am: 5.5 MeV o, T, = 432 years (1944) %" [ gassm | S\
a 21%Po: 5.41 MeV a, 1,, = 137 days (1898)

= Easy to control, predictable flux but low energy s

= Still used for calibrations and tests

= g Midspan Heat
Silicon-Germanium Source Support
(Si-Ge) Unicouple

RTG Mounting
Flange Multi-Foil
Insulation

Cassini probe: http://saturn.jpl.nasa.gov/index.cfm
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‘ Cosmic Rays
= History

o 1912: First discovered

o 1927: First seen in cloud chambers

0 1962: First 10%° ¢V cosmic ray seen
= Low energy cosmic rays from Sun

o Solar wind (mainly protons)

o Neutrinos

» High energy particles from sun, galaxy and perhaps
beyond

0 Primary: Astronomical sources.

o Secondary: Interstellar Gas.

o Neutrinos pass through atmosphere and earth
0

Low energy charged particles trapped in Van Allen
Belt

o High energy particles interact in atmosphere. |
o Flux at ground level mainly muons: 100-200 s*! m™
= Highest energy ever seen ~10°%¢V
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Cosmic Ray Experiments

» Primary source for particle physics experiments for decades
m Detectors taken to altitude for larger flux/higher energy
m  Positron (1932) and many other particles first observed

m Particle astrophysics

o Space, atmosphere, surface,
underground

= Neutrino
o Solar, atmospheric
m  “Dark Matter” searches
Still useful for calibration and testing

Which direction is the e moving (up or down)?

Is the B-field in or out of the page?
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Cosmic Rays - Pierre Auger Project

Ea. Pampa :
LOMA AMARILLA g B C 08 s e Salin 1

e — . —_——
z o ael
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Surface Array
......,.." i y . 1600 detector stations
......... A 45 ey Mo .5 km spacing

SR I\ e ~~ 3000 km?
> =
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e &/ Chacay : o 17A86 S ﬂ\‘/’/%
Malargﬁe | fm Fluorescence Detectors
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= = e [ LEONES . AT o\
- N ,Haf’an’_ﬁ ; s crseeeet F | by, s 6 Telescopes per enclosure

24 Telescopes total
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‘ Active Galactic Nuclet and cosmic rays

R

- g.ﬂ?“‘*”m %ﬁ** "Ny E>5.7x101°GeV

E=

m to be associated with Active
galactic nuclei. www.auger.org
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Dark Energy and Dark Matter

= Most of the Universe is invisible.

= Dark Energy:

o EXxerts a negative pressure on the

Universe

o Increases the acceleration of the

galaxies.

= Dark Matter:

o Just like ordinary matter but not
visible (does not give off light).

1: Baryonic Dark Matter
o ~2% of the Universe
o MACHOS, dwarf stars, etc...
= 2: Non-Baryonic Dark Matter
o ~20% of the Universe

a

Hot (neutrinos) and Cold (WIMPS,

axions, neutralinos).
o Expected to be mostly Cold

Velocity

Atoms
4.6%

Dark
Energy
72%
Dark
Matter
23%

TODAY

Dark
Matter
63%

Neutrinos
10%

Photons
15%

13.7 BILLION YEARS AGO
IUniverse 350,000 years oid)

B Observed

---------- » Predicted

Rotation Velocity v(r) =

Outside Galaxy v(r) o

Dista ncé

M (r)

Jr
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Residuals (cpd/kg/keV)

Dark Matter D AMA http://people.roma2.infn.it/~dama

1. As the earth goes round the sun,
its velocity relative to the galaxy
2-4 keV changes by +/-30 km

£

v

008 B : DAMA/LIBRA!= 250 kz (0.87 tonxyr) | .
005 £ | | | | | 2. Look for nuclear recoil in Nal as
0r | Ajik Jﬁhﬁ R R - N nucleus interacts with “dark
Coom %J{f ;ﬂ:ﬁﬂ | ﬁn{/ TNGF T S TINIET matter” particle.
-0.04 i i i i i i
-0.06 | ! ! ! E ! ! .
008 £ | o | o I; 3. Expect to see a change in the rate
"0 Tis0 00 5750 4000 4250 4500 4750 5000 T 5250 of interactions every six months
ime (day)
http://arxiv.org/abs/1002.1028 4. But s there really a pattern? and

is it really dark matter?
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http://people.roma2.infn.it/~dama

Neutrinos — Nuclear Reactors and the Sun

Reactors — Nuclear Fission
Sun — Nuclear Fusion

99.77 %

But still weak interactions. Well P
understood. p'Hp'—>Hrety,

Huge fluxes of MeV neutrons and

0,23 %

prte+p'—>-H+v,

10-

5%

‘H+p*—3Hety [

*He+p™— *He +e+v,

electron neutrinos. [ooam
But low energy. SHe+He—"Bet 7
First direct neutrino observation in B i?gzg% 1 01%
1955 Bete > 'Litv, ‘Be+pt—>*B+ v
. 84.92 % | |
Neutrino density at Earth ~5x10°cm™s™ BHG*BHG—”H‘HZW 'Litp'>*He+He "B Be*tetty,
El |
Mean free path d : SBe* > Ho+He
pplII
g~ Y _ 1.66x10"kg
ap  (107"m?*)(p kg/m®)
= d,..., =18 light years
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Neutrino Oscillation
|Va> = ;U;i

a = neutrino with definite flavour (e,u,t)
| = neutrino with definite mass (1,2,3)

v,) P —‘<v

a—->p

Vv,V

2
P . =sin*(26)sin?| 1.267 AW L _G€V
5 E eVkm

Am;, = Am? =(8.07,;)x10™eV *
0, =0, =(33.975)°

AmZ, = Am’ = (2.473)x107°eV?
0,=0, =(45+7)°

2
6,,,Am;, = unknown

15th February 2011

Am? (eVz)

10|

I o
] :
L Solar : KamLAND

- 95% C.L.
[ ---99% C.L.
- — 99.73% C.L.
- ¥ solar best fit
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Fergus Wilson, RAL

Neutrinos “Oscillate”:

Can change from one type to another.
Implies v have mass.

Oscillation experiments can only
measure difference in squared mass
Am?

Ln

B 95% C.L.

99% C.L.

B oo.73% C.L.

o KamLAND best fit
Pl ! Lol ! Ll
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Some Neutrino Detectors — Present and Future

T2K hepwww.rl.ac.uk/public/groups/t2k/T2K.html

Intermediate neutrino detector

o
S, } 1,000m ———
NEUTRINO BEAM
295 km
Super-Kamiokande Antares Ice Cube KM3NeT
http://www-sk.icrr.u-tokyo.ac.jp/  http://antares.in2p3.fr http://icecube.wisc.edu/ http://www.km3net.org
ST ‘ h ‘ -

......
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‘ Particle Sources

Want intense monochromatic beams on demand:

1. Make some particles
Electrons: metal + few eV of thermal energy
Protons/nuclei: completely ionise gas

. Accelerate them in the lab

+ve
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Creating Electrons

Triode Gun
Current: 1 A

- | — Voltage: 10 kV
PR it LN S The grid is held at 50V
R LS R N =
= =ate below cathode (so no
_.//m SR (
— | LA - electrons escape).
: =l . .
Vg=—20V A When triggered, grid
aERi00aY voltage reduced to OV.
Electrons flow through grid.
Pulse length: ~1ns
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Creating Positrons

pre-accelerator

booster linac

(125400 MeV)
Ui[ (cryomodules to boost energy to 5 GeV)

~147 GeV e”

Example of
how it will be

150 GeV e”
done at the
—_—
| x ILC (2025?)
helical undulator r f \ [ y dump
C{?ﬂg’?ﬁ‘;}‘ oMb ‘i??é‘"uﬁ VI;zF e~ dump Damping Ring
= High energy e- emit photons in undulator.
= Photons hit target (tungsten)
= Positrons and electrons emitted by pair-production.
= Electrons removed, positrons accelerated. PEP Il
= Inefficient; 1 positron for every 105 high energy electrons. Ih?: Ener

[3

Morth Cramping

Positran Fefurm Line Positron Source
|

&-gun

Example of how

7 Gev]

E P
it is done at E.ﬁj[i, MeV Linac FEF Il High Energy Bypass (HEE)
SLAC (2005) South Damping | | SO TEF N i PER I
[1.15 GaV] PEP Il Low Energy Bypass (LEB) Filgng {:'Eérgf
Sector-4 F'IEF' Il [9 GeV]
et injeclor
- 3 kmn -
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‘ Creating Protons — PIG (Penning lon Gauge)

power chesl oo

“

supply

cathode

y
A7

magnet
pole

Hydrogen gas bottle

Tevatron

z
Z
RN

magnet pole

= lon source (e.g. H,)

Introduced as a gas and
lonised.

Magnetic field 0.01T
perpendicular to E-field
causes ions to spiral along
B-field lines.

Low pressure needed to
keep mean-free path long
(10-3 Torr).

Modern methods are more

complicated.
http://www-bdnew.fnal.gov/tevatron/

15th February 2011
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Anti-Proton Production at CERN

AC ;MHH
\AA\

Booster f
RK\WK)LEAR

Protons are accelerated in a linear accelerator, booster, and proton synchroton (PS) up to 27
GeV. These protons hit a heavy target (Beryllium). In the interaction of the protons and the
target nuclei many particle-antiparticle pairs are created out of the energy, in some cases
proton-antiproton pairs. Some of the antiprotons are caught in the antiproton cooler (AC) and
stored in the antiproton accumulator (AA). From there they are transferred to the low energy
antiproton ring (LEAR) where experiments take place.

o 15986, T.5efzick, Forschungszentrum Jalich, Gerrmary
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‘ DC Accelerators — Cockcroft Walton

How it works

Cockcroft and Walton’s Fermilab’s 750kV
Original Design (~1932) Cockroft-Walton

I tnece

i
Discharge tube | {ji¥—f— Frotons
containing gt BT

Bydrogen *
t |
Accelerator 1 — 200000
. tube ,'.' Volts
b
Accelerated : — 400,000
Frotons b Veoles
4 I louresaent
transformer = Varuum q—|:9}| i ?reen
Target
(lithium) | oS 3
- \ Microscope
Figure 1.2 h“::;:’;‘
= DC accelerators quickly become impractical
w  Air breaks down at ~1 MV/m
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‘ DC Accelerators — Van der Graff

Van de Graaf at MIT (25 MV)

tmetal dome to +
collect positive
charges

10N SOUrce
comb of needles

positive particles
accelerated down
from source

maowing belt to
carry positive
charge to dome

comb of needles

o
10 kilovolts {_

+ + + +|+ + + +/+
—

insulataor

charge source l

beam
1211995 Encyclopaedia Britannica, Inc.
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m Utilise motion in magnetic field:
p(GeV/c) =0.3gBR

= Apply AC to two halves

‘ CVclotrons

m  Lawrence achieved MeV particles with
28cm diameter

= Magnet size scales with momentum...

— vacuum chamber
electrodes —

magnetic field

Orsay (2000)

——

e ‘_U 4 3'4‘1—?3* ' - ‘:‘_ a) —_

P j;' 4§3| [ m

= Still used for \ /
o Medical Therapy v

o Creating Radioisotopes

lon source

B L e o Nuclear Science . |
Proton Therapy PSI Rk accelerating gap

Precision Graphics
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Cyclotrons - Variations

= Cyclotron limitations:
o Energy limit is quite low: 25 MeV per charge
a Non-relativistic velocity v < 0.15¢

= Alternatives:

o Syncro-cyclotron

= Keep magnetic field constant but decrease RF frequency as
energy increases to compensate for relativistic effects.

o Iso-cyclotron

= Keep RF frequency the same but increase the radial magnetic
field so that cyclotron frequency remains the same:

= Can reach ~600 MeV - 9B(r(E))

a Synchrotron m(E)
= For very high energies. See later...

= const.
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‘ Linear Accelerators

For energies greater than few MeV:
Use multiple stages
RF easier to generate and handle

[boward

the right
- e righk)

Electric

u Field

Bunches travel through resonant cavities

Spacing and/or frequency changes with
velocity

Can achieve 10MV/m and higher
3km long Stanford Linac reached 45 GeV
30km Linear Collider would reach 250 GeV.

[boward
the left]

e Bunch Cloud

+

0

—p amount of energy boost

Position

Negative particles

15th February 2011

Fergus Wilson, RAL
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‘ Superconducting Cavities & Klystron
|-——— Drift Space—-—l

"Buncher" "Catcher”
Zavity Cavity

Censity of Electrons

voltage in cavity |
u(n) Cathode \ Collector 0 {in cavity 2
current in cavl
' 0 0000 y

Electron Beam
Ya Annde—lfr- —ml
1‘ Micruwate Ciutput SLAC KlyStrOn Hall
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‘ Synchrotrons

w p(GeV/c)=03qgBR
» Cyclotron has constant B, increasing R
» Increase B keeping R constant:

o variable current electromagnets

o particles can travel in small diameter
vacuum pipe

o single cavity can accelerate particles
each turn

o efficient use of space and equipment
= Discrete components in ring
cavities
dipoles (bending)
quadrupoles (focusing)
sextuples (achromaticity)
diagnostics

0 0O 0 0O O

control

e

) ‘ ACCELERATING CAVITY

BENDING MAGNET

T

FOCUSING MAGNET

A VACUUM CHAMBER

COLLISIONS -

\/

_\\ I/

CERN AC - Z34 va - V13/3/98

mv® = Bgv

oY _B4
rom

f: Bq mO
2mmz my, +T
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Synchrotron Radiation

1 e‘a’ Vv E
Accelerated charges radiate Power loss (Watts) = ; - y* a= = y=—
Average power loss per particle: & C m,
i 8.85x10°E"

Quantum process — spread in energy — Electron Power Loss per turn = MeV/turn

For a given energy ~ 1/mass*

o (this comes from v in the power loss Ein GeV, Rinkm.

equation) 7.78x10°E*
= Proton Power Loss per turn = keV/turn
Electron losses much larger than proton
o High energy electron machines have EinTeV, Rinkm.
very large or infinite R (i.e. linear).
Pulsed, intense X-ray source may be useful for
some things.... :
bending radius K bending radius
// accelerating accelerating
force
[ 3 electron
LA :
’ g 5\?},}\\%@ trajectory
‘ E\E_E_% )ﬁi 2
electron trajectory
radiation field
a h
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‘ Real Synchrotrons

Grenoble, France

DIAMOND RAL, UK | &

15th February 2011 Fergus Wilson, RAL 31/39
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‘ Fixed Target Experiments

Beam incident on stationary target

» Interaction products have large
momentum in forward direction

= Large “wasted” energy < small \s

= Intense beams/large target = high
rate

= Secondary beams can be made.

P, = (E1’ 51) P, = (Ez’ ﬁz) E® = p2 + mg
Centre of Mass energy squared s=EZ =(p, + p,)’

1/2
— Ecm :|:(E1+E2)2 _(ﬁ1+ E2)2:|
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Target Service MINOS To Soudan
Building ] Service
<—Main Injector Buildin
e S——
e il < 9
?’b - V
Tun Bam/ PiOn :
Target Hall Beam Absorber Minos Hall
beamMuon Detectors Minos Near
Detector
< —>

700 m

= Fermilab sends a v, beam to Minnesota
= Looking for oscillations
= Detector at bottom of mine shaft
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‘ Colliders
= Incoming momenta cancel ’ v,
n \/S = 2Ebeam orbit.

N,
= Same magnetic field deflects opposite charges in opposite directions =
Antiparticle accelerator for free!

0 particle/antiparticle quantum numbers also cancel

m  Technically challenging

= +£—J

Event Rate R = Lo |
particle
Current Ii — nlebe particles per bunch EIET.EET.DF

particle

Luminosity = LiL S Ll
/'r dro o, 4rxfN esz'XO'y

g P\
bunch size #bunches

15th February 2011 Fergus Wilson, RAL 34/39
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Different Colliders
m p anti-p

energy frontier
difficult to interpret

e

relatively easy analysis

(M

e’
0
o high energies difficult
o LEP PEP ILC...

o limited by anti-p production
a SPS, Tevatron
w e p
o proton structure
“pPP 0 HERA
a high luminosity
: = lonion
a energy frontier
o LHC o quark gluon plasma
o RHIC, LHC
- ’Ll + ’Ll ) vV
0 some plans exist o Muon Collider !!!
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‘ Complexes

= Synchrotrons can’t accelerate particles from rest

= Designed for specific energy range, normally about
factor of 10

LEP/LHC

]
[ North Area

Vers
Grand Sasso

AD

o|A

neutrons W

A rr =
* LINAG P S
ions ‘h S

BOOSTER Soloe e
ha Leir g
) p (proton) P> (antiproton) AD Antiproton Decelerator LHC Large Hadron Collider §
) ion =)~ proton/antiproton conversion PS Proton Synchrotron n-ToF Neutrons Time of Flight o
D neutrons p neutrinos SPS Super Proton Synchrotron CNGS Cern Neutrinos Grand Sasso z
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‘ Collider Parameters

KEKB PEP-II SuperB SuperKEKB
(KEK) (SLAC) (Italy) (KEK)
Physics start date 1999 1999 TBD 2014 7
Physics end date — 2008 — —
e~ : 7-12 (9.0 nominal)
Maximum beam energy (GeV) e~: 8.33 (8.0 nominal) et: 2.5-4 (3.1 nominal) e~ 4.9 e=: 7
et: 3.64 (3.5 nominal) (nominal By = 10.5 GeV) et: 6.7 et: 4
Luminosity (10°° em=2s~1) 21083 12069 1.0 x 106 8 x 10°

(design: 3000)

Time between collisions (us) 0.00590 or 0.00786 0.0042 0.0042 0.004

Full details at pdg.lbl.gov

HERA TEVATRON* RHIC LHCH
(DESY) (Fermilab) {Brookhaven) (CERN)
Physics start date 1992 1987 2001 | 2000 | 2004 | 2002 2009 | 2010
Physics end date 2007 “— — —
Particles collided ep fil p (pol.) Au Au Cu Cu d Au op Pb Pb
W b e: 0.030 0.980 0.25 0.1TeV/u | 0.1TeV/n | 0.1TeV/n 7.0 2.76 TeV /n
energy (TeV) p: 0.92 34% pol (3.5) (1.38 TeV /n)
Lumirégsity o 75 402 85 (pk) | 0.0040 (pk) 0.020 (pk) 0.27 (pk) | 1.0x 10% 1.0x 1078
(10°° em™=s™") 55 (ave) | 0.0020 (ave) | 0.0008 (ave) | 0.14 (ave) (170) (1.3 x 1079)
ROV 96 396 107 107 321 107 24.95 99.8
collisions (ns) (49.90) (1347)
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Some notable accelerators

Type Name Size | Start Place Energy
Year

Cockcroft- 3m 1932 Cambridge 0.7MeV
Walton

Cyclotron 9” 9” 1931 Brookhaven 1.0 MeV
Cyclotron 184" 184”7 1942 Brookhaven 100 MeV
Synchrotron | Cosmotron | 72m | 1953 Brookhaven |3.3 GeV
Synchrotron | AGS 72m | 1960 Brookhaven |33 GeV
Collider LEP 27km | 1995 CERN 104 GeV
Collider LHC 27km | 2010 CERN 3.5 TeV
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Summary of Lecture I

= Admin = Antiparticle Production

= Particle Sources = Collider Parameters
o Natural Radiation
o Cosmic Rays
o Reactors
o Accelerators

= Accelerators
o Cockcroft Walton
o Van der Graaf
o Cyclotron
o Synchrotron
o Linear Accelerator
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‘ Next Time...

Charged particle interactions and detectors
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