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The ‘Real’ World of Particles

ON UNITARY REPRESENTATIONS OF THE INHOMOGENEOUS
LORENTZ GROUP*

By E. WIGNER

(Received December 22, 1937)
of the invariance of the transition probability we have

M) e, 9 I = | (o, 01 E. Wigner:

and it can be shown" that the aforementioned constants in the ¢; can be chosen

in such a way that the ;- are obtained from the ¢; by a linear unitary i & i i i i i

depending, of course, on ! and operation, _A particle is an irreducible repf’esentatlon of the
@ v = D Do iInhomogeneous Lorentz group

By going over from a first system of reference ! to a second I’ = Ll and thentoa in=

third I = Lalyl or directly to the third I” =.(LsLy)l, one must obtain—apart Spin=0,1/2,1,3/2 ...

:rum the above mentioned comstant—the same set of wave functions. Hence Mass =2 0

rom

e = DV, V)D(V, Do
prrr = D(I”I n’l

it follows

©) D@, 1)D(, ) = wDQ", 1)

D. Classification of unitary representations from the point of view of
infinitesimal operators

E.g. in Steven Weinberg, The Quantum Theory of Fields, Vol1l
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Particle Detector

W. Riegler:

A particle detector is a classical device, that is collapsing wave functions
of guantum mechanical states, which themselves are linear super

positions of irreducible representations of the inhomogeneous Lorentz
group (Poincare group).

W. Riegler/CERN



Solvay Conference 1927, Einstein:

“A radioactive sample emits alpha particles in all directions; these are made visible by the method of the
Wilson Cloud Chamber. Now, if one associates a spherical wave with each emission process, how can one
understand that the track of each alpha particle appears as a (very nearly) straight line .... “

Born, Heisenberg:

“As soon as such an ionization is shown by the appearance of cloud droplets, in order to describe what
happens afterwards one must reduce the wave packet in the immediate vicinity of the drops. One thus
obtains a wave packet in the form of a ray, which corresponds to the corpuscular character of the
phenomenon.”

According to this reasoning the whole process is described in terms of the interaction of a quantum system
(the alpha particle) with a classical measurement apparatus (the atoms of the vapour).

Nevill Mott (1929):

Assuming the atoms of the vapour also to be part of the qguantum mechanical system, “ ... it is a little difficult
to picture how it is that an outgoing spherical wave can produce a straight track; we think intuitively that it
should ionise atoms at random throughout space.”

W. Riegler/CERN
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Mott considers and example with and alpha particle at the origin, one
hydrogen atom at position a; and another hydrogen atom at a, , and the two
hydrogen atoms only having EM interaction with the alpha particle:

[Mo] Mott N.F., The wave mechanics of a-ray tracks. Proc. R. Soc. Lond. A, 126, 79-84, 1929. Reprinted in: Wheeler
J.A., Zurek W., Quantum Theory and Measurement, Princeton University Press, 1983.

Main ob j_ects of the investigation are periodic solutions F(R,rq,rg)e'F!/" of the Schrodinger equation

for the three particle system, where R, 71, 79 denote the coordinates of the a-particle and of the two
hydrogen atom electrons respectively. The function F' (depending parametrically on F) is solution
of the stationary Schrodinger equation

2 G 2 P’ e’
o ARF 4+ (= oA = —— ) F+ (= oA, - ———)F
oM~ F * ( 2m |71 — all) i ( 2m [ra — 0’2|)
2¢2 2¢?
_ F—EF 41
(|R—T‘1‘+|R_T2‘) ( )

where A, is the laplacian with respect to the coordinate x, M is the mass of the a-particle, m is the
mass of the electron, —e is the charge of the electron so that 2e is the charge of the a-particle.

Result: The two hydrogen atoms cannot both be excited (or ionized) unless a,, a; and the

origin lie on the same straight line.
(see Also Werner Heisenberg, Chicago lectures 1930)

This example (i.e. moving the boundary between the quantum system and classical measurements device)

is also used by S. Coleman in the lecture
Quantum Mechanics in Your Face [1994] https://www.youtube.com/watch?v=EtyNMIXN-sw

H-atom1 H-atorm?

L5 ' L -
L5 ‘ L

v

SPRINGER BRIEFS IN PRYSICS

ndro Teta
- Quantum
Dynamics of
a Particlein
 a Tracking
Chamber

SE_} Springer


https://www.youtube.com/watch?v=EtyNMlXN-sw

Renninger's negative-result experiment (1953)

A radioactive atom (emitting and alpha particle) is placed in the center of a detector that consists of two hemispheres and that are 100%
efficient to alpha particles.

Considering the second (purple) hemisphere to be very large, the absence of the a signal on the green detector after a given time will
indicate that the alpha particle will hit the purple detector.

The QM analysis will come out right, with a given probability for the red or the green part to fire and zero probability that both fire.
The semi-classical analysis is however confusing:

The wave-function has collapsed although there was no measurement performed with the green detector ?
A non measurement collapses a wave-function ?

W. Riegler/CERN



The ‘Real’ World of Particles

W. Riegler:

“...a particle is an object that interacts with your detector such that you can follow it’s track,

It interacts also in your readout electronics and will break it after some time,

and if you a silly enough to stand in an intense particle beam for some time you will be dead ...”

W. Riegler/CERN



The ‘Real’ World of Particles

Bl CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event 194108 / 564224000
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The ‘Real’ World of Particles
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Scales
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Build your own Accelerator

A Ekiﬂ: 15eV —

2 615 596 km/h

W. Riegler/CERN
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Build your own Accelerator

A Ekiﬂ: 15eV —

2 615 596 km/h

The LHC produces 2 x 7 000 000 000 000 eV protons
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Scales
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Basics:
Lorentz Boost
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Basics:
Two Body Decay
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Basics:
Three Body Decay
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1820 10 : /:) " Rotkoecl Vl'v‘y

r ‘3
Moy = Mucl, + €' Visible

Bute € Shows a Continvous g’w‘(q\{/ Soec b
I‘ .

—> /. Poula Proposesl @a hihvis.'SQ. Pavhcle > v

h=>p+e +V,
%r > 2 ﬁoﬂ7 62607 ) J'Lt E“’J‘7 Sﬁec/w/h
05 ML de(,o.7 pavl{cé/) defzsds on e
Ko hve oé He Iﬁév eLhion . l(t'«moﬁcs ooz
doesh'l defe e Ecerpries.

20



Basics:

Two Body and
Three Body Decay
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Basics:
Invariant Mass
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Lifetime of a Particle = Exponential distribution

Yo L{f& lime 1

The Muon (0@7 gldle /Pov/f(,é) Joesu'l hove
O inkev ‘clock” | i.e. holiq Wl lels i}’ age .

What is the probability P(t)dt that the muon will decay between time
t and t+dt after starting to measure it — independently of how long it
lived before ?

Probability p that it decays within the time interval dt after starting
to measure = p=P(0) dt = c, dt.

Probability that is does NOT decay in n time intervals dt but the
(n+1)st time interval
= (1- p)" p = exp(-n p) p with p = ¢, dt.

n time intervals of dt means a time of t =n dt 2>

Probability that the particle decays between time t and t+dt = Exp(-
c, t) c, dt = P(t) dt !

W. Riegler/CERN
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Known Particles
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All known particles
that can leave a track
INn the detector
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CMS Detector
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ALEPH detector
(LEP 1988 - 2000)
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ALEPH detector
(LEP 1988 - 2000)
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Fig. 1 - The ALEPH Detector
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ALEPH detector

(LEP 1988 - 2000)
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Z > ete

Two high momentum charged particles depositing energy in the
Electro Magnetic Calorimeter
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Ay JValVY
Two high momentum charged particles traversing all
calorimeters and leaving a signal in the muon chambers.

s ALEPH rcrut Run=15995

Evt=835
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Z> qq

Two jets of particles

» ALEPH o:

Run=1&763 Evt=5906a
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Z>qqg

Three jets of particles
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Interaction of Particles with Matter

Any device that is to detect a particle must interact with it in some way -> almost ...

In many experiments neutrinos are measured by missing transverse momentum.

E.g. e*e collider. P,,=0,
If the X p, of all collision products is #0 = neutrino escaped.

“Did vou see 1t?”
“No nothing.”
“Then it was a neutrino!™

Claus Grupen, Particle Detectors, Cambridge University Press, Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
W. Riegler/CERN
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2010 ATLAS W, Z candidates !
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Two secondary vertices with characteristic decay particles giving invariant masses of
known particles.

Bubble chamber like — a single event tells what is happening. Negligible background.

ALEPH

S '!—-, :'3"'
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Discovery of ‘new’ Particles

Discovery of Q- at the Brookhaven National Laboratory 80 inch hydrogen bubble chamber in 1964.

Discovery claimed by a single event — ‘background free’

43
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Candidate Higgs Events

QATLAS GATLAS
- http://atlas.ch
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CMS Experiment at the LHC, CERN
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CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
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excess of events above an irreducible (i.e. indistinguishable) background.
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Conclusion

Only a few of the numerous known particles have lifetimes that are long enough to leave tracks in
a detector.

Most of the particles are measured though the decay products and their kinematic relations
(invariant mass). Most particles are only seen as an excess over an irreducible background.

Some short lived particles (b,c —particles) reach lifetimes in the laboratory system that are
sufficient to leave short tracks before decaying - identification by measurement of short tracks.

In addition to this, detectors are built to measure the 8 particles.
3 + T by o T
E’,‘,M:,’/‘,T—,K,K,P,n

Their difference in mass, charge and interaction is the key to their identification.

W. Riegler/CERN
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Conclusion

A particle detector Is an (almost) irreducible representation of the properties of these 8 particles

> . T 13X -
8)//4', 7. 1L, K=, K® pin
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