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Jhis is what motivates me!
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to the infinitely smail..

Horsehead nebula 1,500 light years away
By Pablo Carlos Budassi - Own work, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=94313357

and the distance scales characterising the
Universe are mind boggling...

Neurons derived from human embryonic stem cells, around 10 micrometres 0 O T T e AT
Russo E. (2005) Follow the Money—The Politics of Embryonic Stem Cell Research. J | “ | ] | | ‘ | | l | [ “ | | HH" |‘ i”| '”| |”|.””"" ””“ |||H”| l||"'” ‘
PLoS Biol 3(7): £234. doi:10.1371/journal.pbio.0030234 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
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Fundamental
substructure of the
proton: quarks and

gluons

This Photo by Unknown Author is licensed under CC BY

O Proton
Nucleus
Neutron _ _
All of the Universe is made up of atoms (protons,
neutrons, electrons)...
(53— Electron
AG Caesar https://bar.wikipedia.org/wiki/Datei: Atom_Diagram.svg 6
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Where is all the matter in the universe?

Louise Volders (1959) measured that galaxy M33 did not spin according to expected laws of motion
Orbital velocity of stars&gas (observed matter) in galaxy vs. distance from centre
= Newtonian mechanics: decreases with distance (see A)

= Observation: increasing! (see B)

Galaxies are rotating at such speeds : - :
) Observatl_ons . : :
that the gravity generated by. the : from starlight . ST R e AN
observed matter cannot possibly hold 21 cm hydrogen
them together:
« Galaxies should have ripped
apart a long time ago!
. . : ; ; Expected from

Possible explanation: - e T , the visible disk

= Mmissing matter in the galaxy SR i e A 7 £y Y b A

Velocity
. (km s-1)

© 10,000 - 20,000 30,000 40,000

can I make itin a lab? .
Distance (light years)

Mario De'leo, CCBY-SA40 .+ . . ;
https://creativecommbns.org/licenses/by-sa/4.0, via Wikimedia Commons
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The Standard Model is beautiful, but not the last word!

= As we will see, agreement of measurements with the SM is amazing!
= What is does predict, it does so very well indeed!
= SM leaves some questions completely unanswered e.g. Dark Matter
= I know that there is something out there beyond the SM! How will we see it?
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A little bit of history....
Meet your ancestors!

ATLAS| s/

Technical Proposal | 15 December 1994
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A wee history on 108 M T T T T T T T T T T
_ Proton ve)] | Electron i
accelerators [ Famls r
3 Rl -
‘-‘1015 - Tevairon 3 1= -
= Energy increase was exponential for many ] 8c5 o\/
decades! g 3 PPF macem | I
= - — =
— w Storege ring
coliders
E102 - s e
7} - \ sPs - e
@ Cosmotron Strong locusing
E=] o Vcc\uyndvdmm R .
2 (< synchralrons
'ﬂl.% — Synchrocyclotrons 1 [Ttons
.~ ons T
108 1 .
Cockeroft-Walton
1 | S WO NN WA B T ¢ 1 ¢ 1 1
1940 '60 '80 2000 1940 '60 '80 2000
05 Year Year 766aA1

Equivalent energy of particles (assuming beam is hitting stationary
proton targets) vs time when accelerator was built. Open circle: not yet
in existence in 1995. siac-puB-95-6947

= Many exciting discoveries as we probed the
structure of matter and its interactions with
the fundamental forces... 10
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KEKB PEP-II

LEP
(KEK) (SLAC) (CERN)
Physics start date 1999 1999 Physics start date 1980
Physics end date 2010 2008 Physics end date 2000
Maxi b - (GeV e~ : 8.33 (8.0 nominal) ;"" 273“; ll{i;? ﬁzil:lli:]::!l‘. Maxi b r (GeV 2?{1];21:}23:9 Canadian inV0|Vement at
Harmumbeamenerey CEU1 e+: 364 (35 nominal) | (nominal Ecm = 105 GeV) e B e many of these facilities
Luminesity {1030 em—2s—1) 21083 12069 Luminosity (103 cm—2s—1) 24 at Z°

(design: 3000)

100 at = 90 GeV

Time between collisions (ps) 0.00590 or 0.00786 0.0042 Time between collisions (pus) 22
Full erossing angle (u rad) +11000t 0 Crossing angle (u rad) 0
- 5 Tt A= - = Jot- ] 10.77
Energy spread (units 1072) 0.7 e~ fet: 0.61/0.77 Enerey sproad (anits 10-°) O—ei8
Bunch length (em) 0.65 e jet: 1.1/1.0
- ‘ — Bunch length (cm) 1.0
Beam radius (um) H: 124 (e7), 117 (et) H': l‘-i
V: 094 V:47
HERA TEVATRON* RHIC LHCT
(DESY) (Fermilab) {Brookhaven) (CERN)
Physies start date 1992 1987 2001 2000 l 2004 [ 2002 2000 l 2010
Physics end date 2007 2011
Particles collided ep r pp (pol.) Au Au Cu Cu d Au pp Pb Pb
Maximum beam e: 0.030 0,950 0.25 0.1TeV/n | 0.1TeV/n | 0.1 TeV/n 7.0 276 To¥/u
energy (TeV) P 0.92 34% pol (3.5) (1.38 TeV /n)
Luminaosity - 402 85 (pk) 0.0040 (pk) 0.020 (pk) 0.27 (pk) 1.0 x 104 1.0 x 103
; S e BN - el a = sk
(103 em~32s1) 55 (ave) | 0.0020 (ave) | 0.0008 (ave) | 0.14 (ave) (170) (1.3 x 1075)
Time hetween 96 306 107 107 321 107 24.95 99.8
collisions {ns) (49.90) (1347)
Full crossing angle (g rad) 0 1] 0 = 300 < 100 (0)
Energy spread (units 103) & 931 0.14 0.15 0.75 0.75 0.75 0.11
p. 0.2
Bunch length (em) e: 0.83 p: 50 55 30 30 10 7.94
p 85 p: 45 (5.83)
!k‘:‘\u.\_rgldlms' e: 280(H }.:';Ui_l'_l p: 28 20 135 145 145 ;F.-.!J
(107" m) p: 265(H),50(V) P 16 (45) 11
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@ Why the back and forth between hadron and lepton colliders?

Hadron colliders: energy frontier & see wi‘i@t’s there

Future Circular Collider (FCC) C?Ilision of composite particlle iS messy
Circumference: 90 -100 km Discovery of W, Z bosons, Higgs boson

Energy: 100 TeV (DD) 90-350 GeV (e*e’) Lepton colliders: ini.tial state is well defined
Study new particles to death!

Large Hadron Collider (LHC) Clean production of qgbar elucidating QC
Large Electron-Positron Gollider (LEP) Precision measurementgt0 RYV parff of theory

Circumference:; 27 km
Energy: 14 TeV (pp) 209 GeV (e*e)

e Tevatron

Circumference: 6.2 km
Energy: 2 TeV (pp)

By Pcharito - Own work, CC BY-SA 4.0, 47521834

12
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Machines with key roles in SM:
SPEAR at SLAC

= SPEAR (Stanford Positron Electron Asymmetric Rings) _{"hj

= e*e machine at SLAC, started in 1972
= Single ~80m diam ring. Counter rotating e*e” up to 4 GeV

= Discovery of particles containing the charmed quark J/y and a
number of other charmed particles

= Advances on quark model
= Also tau in 1977 by M. Perl with the LBL Magnetic detector

—————— - ———

13
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Machines with key roles in SM:
ppbar collider at CERN

= Super

Proton—Antiproton Synchrotron (SppS) started in 1981

= Accelerate a beam to 450 GeV, but mostly operated at 315 GeV
centre-of-mass energy, to prevent overheating of magnets

= Key advances in terms of anti-proton cooling and accumulation.

= Stochastic cooling: use electrical signals of charged particles in a
feedback loop to reduce the tendency of individual particles to stray

= Two large experiments UA1, UA2 (and UA4, UA5, UA8)
= Discovered carriers of Weak force W and Z: predicted by theory

Pirsa: 23060057
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CERN Accelerators
(not to scale)

A

RECYCLE

ALICE

nautrnos to Gran Sasso (/)

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice

Gran Sasso (1)
PSB: Proton Synchrotron Booster 730 km
PS: Proton Synchrotron
LINAC: LINear ACcelerator
LEIR: Low Encrgy lon Ring Madolf LY, P Drvinon, RN, 020996

CNGS: Cern Neutrinos to Gran Sasso
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Machines with key roles in SM:
LEP collider at CERN

LEP Large Electron Positron
collider stated in 1989

27 km circumference tunnel
= Where the LHC is now!

Low field magnets but with
large amounts of RF power
(Synchrotron losses)

4 experiments ALEPH, OPAL,

DELPHI, L3

Ran at Z peak (Z factory!)
and above W*W- threshold
Precision measurements of
the Standard Model that are
still the standards for today!
Major Canadian participation
in OPAL experiment

'F cavities

T
””.m.
Wil

\HHlH

=
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Machines with key roles in SM:
Tevatron at Fermilab

FERMILAB'S ACCELERATOR CHAIN

kﬁecvcu‘;n ~

B \ MAIN INJECTOR

= Proton-anti-proton collider started in 1987
= Total centre-of-mass energy ~2 TeV

'3

v TARGET HALL
= Two experiments CDF and DO —
« Canadians contributed to both of these. _ Ny DURCE
. — |\ N~/
= Discovered top quark e ) ,,/ \&f‘\\ BOOSTER
= Last quark of the three-family model! SR %/ e "¢
i ' COCKCROFT-WALTON

= End of running in September 2011
« Justas the LHC was taklng off!

) Antipraten  Preten
/,'—/ - Dirsction Directien
NEUTRINO
/:/,,/ -

Farmds o6 a0h

hitpssf/wwilkfnal.gov/pubjte xperiments/cdf.html : g 3 ? : fnal, i 4 16
! < . y ,. ":.' 1 \
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Machines with key roles in SM:
HERA (1992-2007) at DESY

- CleRlronen / Pesitronen
Esctrons / Positons

— Protonan
Frotans

Synchrotronstrahlung
Symchrolion Radreton

) 5
. il R
e

= ../
=
L

= HERA-I 1992-2000, HERA-II 2002-2007
= e*p collider (polarised e*)
= At largest Q>200 GeV, can probe distance scales <1018 m

e e (NC), v(CC)

It’s all about nucleon structure!

POLARIZED GAS

= Canada: ZEUS used e*p, HERMES used e* on polarised/unpolarised fixed targets 17
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Can’t overstate the importance of HERA results to our
understanding of particle physics!

= ZEUS and H1 contributions to the understanding of proton structure unparalleled.
= Provided solid foundations for LHC physics with proton collisions

= HERMES shed very bright light on spin structure of the proton
= Detailed flavour decomposition of nucleon spin!

= Both had an incredibly rich programmes far beyond the flagship measurements

=1/

Inclusive deep-inelastic scattering Semi-inclusive deep-inelastic scattering

Pirsa: 23060057
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Can’t overstate the importance of HERA results to our
understanding of particle physics!

ZEUS and H1 contributions to the understanding of proton structure unparalleled.
= Provided solid foundations for LHC physics with proton collisions

HERMES shed very bright light on spin structure of the proton
= Detailed flavour decomposition of nucleon spin!

Both had an incredibly rich programmes far beyond the flagship measurements

Page 22/59

18



10 GeV electron synchrotron to collide “head on” with protons at Fermilab on the

timescale of ~1985

= FERMILAB-PROPOSAL-0703 (June 1981)
= IPP, Chalk River, Carleton, McGill, NRC, Saskatoon, Toronto, York, TRIUMF

Canadian High Energy Electron Ring |
MACHINE PARAMETERS

CHEER: a Canadian push for an ep collider!

Pre-Injector 300 MeV LINAC

Accumulator 300 MeV

Injector 2 GeV SYNCHROTRON

Storage Ring 10 GeV

Filling Time 3 _seconds for e~, 15 minutes for e’
Electrons per bunch 1012

= endorsed by NSERC PAC (Physics and Astronomy Committee) with some funding
= well reviewed but ultimately not successful

= Funded by NSERC!

= Canada does Big Science, gets Big $
» Established the reputation of Canadians on an international stage
» Led to Canadian involvement in:

=« HERA/ZEUS at DESY (e*p)

= LEP/OPAL at CERN (e*e’)

1980 IPP CHEER proposal ;,
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Summary: Colliding beam detectors

= Lepton-Lepton

BEPC BES
SPEAR  MIII

DORIS  ARGUS, CRYSTAL Ball

CESR CLEO, CUSB

PEP DELCO, HRS, MAC, MKII, TPC, PEP9
PETRA  CELLO, JADE, MARK-], TASSO, PLUTO
TRISTAN  AMY, TOPAZ, VENUS

SLC MKII  SLD

LEPI - II  ALEPH, DELPHI, L3, OPAL

PEP 11 BABAR

KEKB BELLE and BELLE2

ILC, CLIC, FCC-ee Maybe some day ??7??

Pirsa: 23060057

= Hadron-Hadron

SPPS UA1, UA2, UAS

TEVATRON CDF DO

SSC XXX CANCELLED

LHC ATLAS, CMS, LHCb, ALICE

HL-LHC To start in a few years... more later
FCC-hh Maybe some day????

= Lepton-hadron

HERA H1, ZEUS, HERMES, HERA-B

SSC: was to begin operations in 1999 in Waxahachie,
Texas. Planned ring circumference was 87.1km, 20TeV per
proton. Would have been nearly three times as powerful as
the Large Hadron Collider at CERN. After ten years of
planning and $2 billion in construction costs, US Congress
pulled the plug on the project in 1993.

20
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t inside 4 27kaan rmc_;r
~ 100 A ynderground and”
-,calhd-e at fouc’zpomts"
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The early universe was a HOT universe!
Energy and mass are intimately related!

e

= High energy proton collisions provide the energy which can be converted to hew massive objects!

Matter — energy —» new matter

= LHC: energy density of collisions like early universe less than a billionth of a second after Big Bang

= Energy stored in each LHC beam: ~400 mega-joules
= Kinetic energy: ~500 cars at 100 km/h
= Chemical energy: ~80 kg of chocolate (count the calories!)
= Thermal energy: enough to make “a tonne of tea”

= Need “cameras” to record the passage of the collision products
= Needs to take ~40 million pictures per second, for about 8 month every year!
= Four such “cameras” at the LHC
= ATLAS, CMS, LHCb, ALICE

22
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Electron

Hydrogen
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Electron

Hydrogen
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