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Who am | ?

J. Michael Roney

University of Victoria
BABAR Collaboration Spokesperson
Fellow of the American Physical Society
Belle Il Coordinator of e- Beam Polarization Upgrade

Previously:

Chair, the Belle Il Collaboration Executive Board

Director of Canada’s Institute of Particle Physics

Member of the T2K Experiment - receiving Breakthrough Prize for Neutrino Oscillation Discovery
President of the Canadian Association of Physicists

Chair, Department of Physics and Astronomy, University of Victoria

OPAL Experiment Tau Lepton Physics Coordinator
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In Four
Sessions...

* Whatis a “Collider”, why do you
care and how do they work?

* The ATLAS pp Collider Experiment
* e+e- B-factories Experiments

o .
N

* What can we expect from Collider
Experiments in the Future?
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Outline

What are Collider Experiments and what have they accomplished...
Accelerators — a bit of history
Colliders — a bit of history: Nobel Prizes at Colliders

Some physics about accelerators and colliders
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Nobel Prizes directly tied to Collider Experiments

1976 — J/Y and charm quark
« SPEAR e*e  collider at SLAC; CM energy scan ~3.1 GeV (Y particle) (MARK 1 experiment-Burt Richter)
* 1974 Discovered new resonance at 3.1 GeV [Note: proton on fixed target at BNL (E598-Sam Ting: J particle)]

1984 — W and Z bosons
* CERN SPS p p collider;540 GeV CM energy (UA1 experiment - Carlo Rubbia; confirmed by UA2)
* 1983: Direct observation of the carriers of the weak interaction

1995 — Tau lepton
* SPEAR e*e” collider at SLAC; 4 - 8 GeV CM energy (MARK 1 Experiment — Martin Perl)
* 1975 Discovery of the third charged lepton

2008 — CP violation mechanism
* e*e” Bfactory colliders; 10.58 GeV CM energy (Y (4S) resonance)
+ KEKB collider at KEK (Belle Experiment)
* PEP-Il collider at SLAC National Accelerator Laboratory (BaBar Experiment)

* 2001 Precise measurements of CP violation in neutral B meson system confirming CKM CP violation - prize to
theorists Makoto Kobayashi and Toshihide Maskawa

2013 — Higgs boson
* LHC proton-proton collider; 7 TeV (2011) and 8 TeV (2012) CM energy (ATLAS and CMS)

« 2012 Observation of a new particle with properties consistent with the Higgs boson — prize to theorists
Francgois Englert and Peter Higgs

Note: 3 are at e*e” colliders with high luminosity and 2 are at hadron colliders at very high energy 5
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Some other historic Collider Experiment results

1979 - Gluon established
» 27.4GeV e*e” PETRA collider at DESY (Tasso Experiment- confirmed by JADE, MARK-J, PLUTO)
* Discovery of three-jet events and hence gluons:e+e->q 7 g

1989-1995 - Precision studies of Zboson

» #88-94 GeV e*e” LEP1 circular collider at CERN (ALEPH, DELPHI, L3, OPAL
Experiments) and SLC [SLAC Linear Collider] (SLD Experiment)

* Precision measurements of Z mass and width; weak mixing angle; no. light
neutrino species; upper limit on M; <285 GeV @ 95%CL

« Prediction of top quark mass:173*13 GeV prior to discovery
1995 - Top quark established
* p p Tevatron collider at FERMILAB; 1.8TeV (CDF and DO Experiments)
* Discovery of three-jet events and hence gluons
1995-2000 - Precision studies of W boson and Higgs Searches
 =130-209 GeV e*e” LEP2 collider at CERN (ALEPH, DELPHI, L3, OPAL Experiments)

* Precision measurements of W mass and couplings; searches for Higgs: set M;>114.4 GeV
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Why Colliders?
It’s about the centre-of-mass (CM) energy

To find the centre-of-mass (CM) energy, E_,, , use the invariant: s = E__2
Bjorken & Drell notation: p, * p, = pj P2y =E(E, - Dy " D3

So, for1=2: pfp1u=E12 - p1 *P1=E? -ps2 =mp?
And for the invariant s for particles e and p:
S = (pff * Pg ) (pe,u + Ppu) = pg Pep * p;j Ppu + pg Ppu + Pg Pepu

= mg2 + mp2+EeEp-@*-p_p’+ EpEe-p_p’-;Te’
= m2 + mg2? + 2(E.E, - DPe " Dp)

EXERCISE:

S
If e is an electron with momentum P, and p is a proton
at rest, what is the expression for E, if E;>>m
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Why Colliders?
It’s about the centre-of-mass (CM) energy

To find the centre-of-mass (CM) energy, E_,, , use the invariant: s = E, 2

Bjorken & Drell notation: p, = p, = pf P2y =Eq E,y - P1 " Dz

So, for1=2: pfp1u=E12 - p1 *P1=E? -ps2 =mp?
And for the invariant s for particles e and p:
S = (pff * Pg ) (pe,u + Ppu) = pg Pep * Pg Ppu + pg Ppu + Pg Pepu

=m2 + m2+EE -p;,"p, + EE, - D, "DPe
= mg2 + m? + 2(E.E, - pe * Pp)
For an electron hitting a proton at rest, ﬂ,’ =0and E,=m
Which simplifies to:

p

s= mz2 + m? + 2m,E,

andwhenE,>>m, E_ A =+vs=v2m_E,

10
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Why Colliders?

Whatis E_,, when an electron at rest in a fixed target is struck by a 7
GeV positron?

7GeV >> 0.000511 GeV
E... =v2me,E, ~+/2x0.000511GeV x 7GeV = 0.085 GeV

12
/AENOO
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Why Colliders?

Whatis E_,,, when a7 GeV electron is struck by a 4 GeV positron
coming at it head-on in the opposite direction?

S= me+2 i me-2 + 2( Ee- Ee+ B p:') ) E)
rﬂe+ﬁrne-2z0and m : ﬁ =t - Ee+ Ee—
S0....s R4 E,, E,_

E_ =~ V4E, E_, = 10.85 GeV

14
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Why Colliders?

Exercise:

You have an electron with 27.5 GeV in energy.
It collides with a proton with an energy of 920 GeV
(HERA) |

What is the centre-of-mass energy of that system?
ANSWER = /4x 27.5 GeV x 920 GeV =318 GeV

16

(R} - X ]
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Some Notable Colliders

e

e'e" DA®NE, LEP, BEPC(I-II), VEPP(1-3), PEP, PEPII, KEKB, SuperKEKB,... FCCee
SLAC Linear Collider(SLC)

ep HERA, ... EIC

PP SPS, Tevatron

pPp LHC, .... FCChh

19
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Some Notable Colliders

e e
Colliding particles Advantage Disadvantage
bp cleaner annihilation channels extremely low luminosity
pp huge luminosity slightly more complex initial states

20
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ep Colliders

=
Colliding particles Advantage Disadvantage
e p- HERA o , :
Lower luminosity Higher energies
e p-EIC high luminosity Lower energies

21
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Collider Experiments

I’ll focus my coverage on Collider E>§£eriments with Canadian collaborators
that are publishing physics results: ATLAS, BaBar, Belle |l

Other Collider Experiments:
* Lower energy e+e- Colliders in operation: BES lll in China, CDM3 in Russia
* CMS at the LHC, in competition with ATLAS

* LHCDb: the high energy pp collider at the LHCDb, but the detector is
designed to measure low-angle interactions to get high rates of heavy
fermion production.

22
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How to get to higher energies...

Accelerator and Collider Basics

23
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Electrostatic Accelerators

The simplest of Accelerators!
(cathode ray tubes — screens...)
* Particle source — blue electrode,

acceleration in an electric fiels,
exit — red electrode.

vV 24

Foteini Asvesta Summer Student Lectures 2025
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Voltage multipliers

Problem: Achieve higher voltages to push to Fermilab cascade generator
higher energies

* Cockcroft and Walton(1932) developed a
cascade generator based on multiple
rectifiers

* QOperating principle - Greinacker circuit
* AC power supply

* 2N diods (one-way current “switch”) so that
the maximum voltage on each couple of
capacitors goes to 2V, 4V,, 6V,, ...,2NV,

* Voltages ~MV can be achieved for beams of Greinacker Circuit
~100s of mA = T 0 Tzu,, 4U, o 6L,
o— , F—-H
oL LIRS '
O ALV does
U= Usinot e
capacitors

Foteini Asvesta Summer Student Lectures 2025
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Van de Graaff Generator (1930)

metal dome to 1z +
collect positive
charges
* Charges are accumulated =
through a moving belt charging comb of needles {'\? -
the dome. [
. ::naving bglttz to : l l Dusitiius fu;tgcles
* Higher voltages can be Charge to come L from sourcs
achieved within a pressure tank sl N 1 insuistor
— Paschen’s law: Break down '“““"““S—EE Py i
voltage depends on gas PSS & B

pressure & gap

negative ions steel pressure tank

gradient rings

£ charge exchange canal
metal terminal T gas inlet

b

accelerating tube

charged belt: beam steering magnet

target
ROBERT YAN DE GRAAF DEMONSTRATES HIS
@@ FIRST GENERATOR TO KARL COMPTON
positive ions @ OMIT Museum  All rights reserved

Foteini Asvesta Summer Student Lectures 2025
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FotgH'PAgge;ltg%mer Student Lectures 2025

Linear accelerators (LINAC)

- EAM DRIFT TUBE
Ising’s Original idea (1924), first built by Widerée 3 W i
(1928) and first high energy linac (1.3MeV) built by ; E E > L] ]
Sloan and Lawrence (1931) / 1B (i C [ [

: ™ 7 Ny F i

Line of drift tubes alternatingly connected to high s, N\ S
frequency (RF) power supplies by
Particles accelerated in the gaps, but insulated in {7 ;"f

the tubes (no field — act as a Faraday cage)

As the voltage changes sign, the particles are
accelerated every time they enter a gap

g <
The length of the tubes increases with acceleration [ JAHHES 'ﬂr;_'-u--,\.ﬂ,ﬁ;. =
J I

for a given/constant frequency up to the relativistic | [ _i&,h_
Y L ]
6 T b

A

limit
Synchronization to the field is achieved via phase
focusing

"
1

—

Beams (1933) first linac with waveguides. Hansen
and Varian brothers (1937) invented the klystron

27
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Cyclotron

 Lawrence’s and Edlefsen’s original idea (1930), first built by
Lawrence and Livingston(1932)

* Constant magnetic field B from an H-shaped magnet with a
cyclotron frequency and a radius that increases with velocity, for
non-relativistic particles: w, =qgB/m (spiral orbits)

* The accelerating voltage is synchronous to the particles crossing
the gap: wrr = 2n + 1w,

* Heavy particles accelerated up to ~20 MeV

* For higher energies (relativistic particles) the frequency reduces
with the mass.

* Synchro-cyclotron principle (McMillan and Veksler, 1945):
wgrr X 1/y > different frequencies for different particle
species | compensation for relativistic effects

|

- -

POleKV(lcuum flOscillo::ﬂor

Tank Coupling
28

Deflector

Foteini Asvesta Summer Student Lectures 2025
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