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Muon Detection

Basics,
all you always wanted to know about muons

LECTURE 1
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How everything started
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The muon discovery

Muons were discovered by Carl D. Anderson and Seth

Neddermeyer in a cloud chamber experiment at CalTech in
1936.

Anderson had noticed particles in the cosmic radiation that
curved differently from electrons and other known particles
when they passed through a magnetic field.

The particles were positively and negatively charged and curved
less sharply than electrons, but more sharply than protons for
the same velocity. To account for the difference in curvature, it
was supposed that their mass was greater than that of an
electron but smaller than that of a proton.

The existence of such a particle was confirmed in 1937 by

J. C. Street and E. C. Stevenson in a cloud chamber

experiment. “New Evidence for the Existence of a Particle Intermediate
Between the Proton and Electron", Phys. Rev. 52, 1003 (1937).
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“Anderson & Neddermeyer |

Phys. Rev. 50 (1936) 263

FiG. 13. Pasadena, 4500 gauss. A complex electron
shower not clearly defined in direction, and three heavy
particles with specific ionizations definitely greater than
that of electrons. The sign of charge of two of these heavy
particles represented by short tracks cannot be determined,
but the assumption that they represent protons is con-
sistent with the information supplied by the photograph.
The third heavy track appears above the 0.35 cm lead
plate where it has a specific ionization not noticeably
different from that of an electron. It penetrates the lead
plate and appears in the lower half of the chamber as a
nearly vertical track near the middle. Below the plate it
shows a greater ionization than an electron, and is deviated
in the magnetic field to indicate a positively charged
particle. Its Hp is apparently at most 1.4X10° gauss cm,
which corresponds to a proton energy of 1 MEV and a
range of only 2 cm in the chamber, whereas the observed
range is greater than 5 cm. A difficulty of the same nature
was discussed in the description of the previous photograph.

Fi1G. 12. Pike's Peak, 7900 gauss. A disintegration
produced by a nonionizing ray occurs at a point in the
0.35 cm lead plate, from which six particles are ejected.
One of the particles (strongly ionizing) ejected nearly
vertically upward has the range of a 1.5 MEV proton. Its
energy (given by its range) corresponds toan Hp=1.7 X105,
or a radius of 20 cm, which is three times the observed
value. If the observed curvature were produced entirely by
magnetic deflection it would be necessary to conclude that
this track represents a massive particle with an e/m much
greater than that of a proton or any other known nucleus.
As there are no experimental data available on the multiple
scattering of low energy protons in argon it is difficult to
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and much smaller than that of a prolon; this
assumption would also account for the absence
of numerous large radiative losses, as well as
for the observed ionization. Inasmuch as charge
and mass are the only parameters which charac-
terize the eleciron in the quantum theory,
assunmption {&) scems to be the better working
hypothesis, If the penetrating particles are to be
distinguished from free electrons by a greater
mass, and sinee no evidence for their existence in
ordinary maiter obtlains, it seems likely that there
must exist some very effective process for re-
moving them.

The experimental {act that penetrating parti-
cles occur both with positive and negative
charges sugpests that they might be created in
pairs by photons, and that they might be repre-
senled as higher mass states of ordinary electrons.

Independent evidence indicating the existence
of particles of a new ype has already been found,

(Acknowledgements ...)
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New Evidence for the Existence of a Particle of Mass
Intermediate Between the Proton and Electron

Anderson and Neddermyer! have shown that, for cnergics
up o 300 and 400 Mev, the cosmic-ray shower particles
have encrgy losses in lead plales corresponding 1o those
predicted by theory for electrons. Recent studies of range?®
and energy loss? indicate that the singly occurring cosmic-
ray corpuscles, even in the encrgy range below 408 Mev,
are more penetrating than shewer particles of correspond-
ing magnetic dJeflection, Thus the watural assumptions
have been expressed: (he shower particles are clectro
the theory describing their energy losses is sdmerO!y,
and the singly occurring particles ave not clectrons. The
experiments cited above have shown from consideration
of the specific jonjzation ikt the peneirating rays are not
protons, The suggestion has been made that they are
particles of electronic charge, and of mass intermediatc

Oy

/0

(@K

réo

broz] -3t
CMO

OO+

F16. 1, Geometrical arcangement of apparatls.

between those of the proton and electron. Tf this is true,
it should be possible to distinguish clearly such a particle
from an electron or prolon by observing its track density
and magnetic deflection near the end of its range, although
it is to be expected that the fraction of the total range in
which the distinction can be made is very small. To
examine this possibility experimentally we have used the
arrangement of apparatus of Fig. 1. The three-counter
telescope comsisting of tubes 1, 2, and 3 and o lead Ofter
L for removing shower particles, selects penetrating rays
directed toward the cloud chamber C which is in a magnetic
field of 3300 gauss. The 1ype of track desired is onc so
near the end of its runge as it enters the chamber that
there is no chance of emergence below. In order to reduce
the number of photographs of high energy puarticles, the
tube gronp 4 was used as a cut-off counter with a cirenil
so arranged thal the chamber would Le set off oaly in
those cases when a coincidenl discharge of counters 1, 2
and 3 was unaccompanied by a discherge of 4. The tripping
af the cloud chumber valve was deluyed ahoul one sec. to
facililate determination of the drop count along a track.
Because of geometrical immerfections of the arrangement
and of counter inefficiency the cul-off circuit prevented

T 2. Track 4
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expansion for only § of the discharges of the telescope.
At the present time 1000 photos have been tuken (equiva-
leat to 4000 il the cul-off counter had not heen used).
Iterest, 1 €y Dave 1onjzalion
densities definitely greater than usual, have been obtained:
ane A (see Fig. 2) is believed <lue to a proton and the
other B (see I'ig. 3) to a pd‘rlicle of miss approximately
I?O tm\h the rest mass of an electron, Track A which

il in the leod stuip gl i Libo choslian

e, 3. Track B.

TG, 4. lemgmph of the track of a penetruting particle of high
crey for comparison with 4 and 8.

exhibited an jonization density 24 times as great as the
vsual thin tracks and an IIp value approximalely 2106
gauss om in a direction o indicate a positive particle,
Track B which passed vut of 1he lighted region above the
tead plate had an ionization density about six times as
great as normal thin tracks (the ion densily was too great
1o permit an accurate ion count) and an Iy value of
96X 10* gauss cm. I it is assumed, as seems reasonable,
that the particle cntered from above, the sign is negative,
If it is taken that the junization densiiy varics inversely
as the velocity squared, the rest mass of 1he particle in
question is found to he approximatcly 130 times the rest
mass of the electron. Because of uncertainty in the ion
count this determination has a probable error of some
25 percent. In any case it does not seem possilile to explain
this track as due to & proton traveling up, for the observed
Hp value would indicate a proton of 44X 103 ¢lectron
volts energy and (herefore with a range of approximately
one cm in the chamber, The frack is clearly visible for
7 em in the chamber,

The only possible vbjecrion to the conelusions reached
above is that the bending of track A is largely duc to
<listortion, but this is very unlikely, for the dellection js
cuite uniform and has a maxinnn value greater than ten
times any distortions usually ¢ncountered in the thin
tracks of high energy particles.

1. C. Swmueer
E. C. S1EvENsoN
Research L.xbcratury of Physics,
Harvard Universs

chusetts,
ober 6, 1937.

* Anderson and Neddermeyer, Phys. Rev. 50, 263 (1936).
% Street and Stevenson, Phys. Rev. 51, 1005 (1937)
# Neddermeyer and Anderson, Phys. Kev. 51, 885 (1937),

Variation of Initial Permeability with Direction in Single
Crystals of Silicon-Iron

Magnetic measurements at flux densities ranging from
aboot § to 104 gauss have been made on single crystals of
3.85 percent silicon iron, in the crystallographic divections
[1067, (1107 and [1117. Up to th
reported on the magnetic propertics of single crystals at
such low [lux densities and i has generally been assumed
that single crysials are magnetically isotropic at these flux
densities,

Large crystals were produced in an atmosphere of pure
hydrogen by melting silicon iron and permitting it to cool
very slowly through the freezing point.! Three specimeus
were cut jn the form of hollow parallelograms. Each

time 1o data have been
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Anderson initially called the new particle a
mesotron, adopting the prefix meso- from the
Greek word for "mid-". It later became mu-
meson.

In the Standard Model description, the mu-
meson is different from the other “mesotrons” or
“mesons”, it does not interact strongly and is not

composed of quarks; it behaves rather like a
heavy electron

In fact, it is not a meson at all and, therefore, the
name “muon” is much more appropriate.

But this was not known at this time.



, . esl
Note in passing ... *

* |n these experiments of 1936/37 we see already two types
of muon detectors

* Cloud chamber (Precision tracking)
= Geiger tubes (Trigger & veto)
= We have also introduced the use of a magnetic field and
learned about one of the natural sources of muons: cosmic
rays
= Things have not changed too much in the last 75 years ...
except
= We now know how to make muons in a controlled way
= We use somewhat more sophisticated detectors and ...

= the number of researchers (authors) involved in an experiment
has slightly increased, from 2 to >2000 for, e.g., ATLAS or CMS



esi .
What are muons? Muon properties

http://pdg.Ibl.gov/2013/listings/rpp2013-list-muon.pdf

Muons are unstable charged particles with a mean life time of
2.2 s (the second longest after the neutrons).

Negatively and positively charged
Decay to =100% into an electron and two neutrinos
W —>e"v,v,
W —>e*v. v,
Their mass is 105.7 MeV, much heavier than electrons (0.511 MeV)

and much lighter than taus (1777.8 MeV).

Muons, electrons, and tau’s, together with the neutrinos, form the
family of leptons.

Muons do not interact via the Strong Force and are much more
penetrating than all other particles, except neutrinos.


http://pdg.lbl.gov/2013/listings/rpp2013-list-muon.pdf
http://pdg.lbl.gov/2013/listings/rpp2013-list-muon.pdf
http://pdg.lbl.gov/2013/listings/rpp2013-list-muon.pdf
http://pdg.lbl.gov/2013/listings/rpp2013-list-muon.pdf
http://pdg.lbl.gov/2013/listings/rpp2013-list-muon.pdf
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Short excursion: Particle discoveries

By the time of the muon discovery (1937) only protons, neutrons,
electrons, and photons where known

It took 10 years before the next particles were discovered, this time
‘real’ mesons

1947: Pions (Cecil Powell (Nobel price 1950) in Bristol, using cosmic
rays and photographic emulsions)

1947: Kaons (Clifford Butler and George Rochester in Manchester,
using a cloud chamber and cosmic rays at high altitude (Pyrenees)

Another 10 years later the neutrinos were discovered

1956: v, (Frederick Reines (Nobel Price 1995) and Clyde L. Cowan,
using a Cd loaded water target at the Savannah River nuclear reactor)

1962: v (Leon Ledermann, Melvin Schwarz, Jack Steinberger, at the
new AGS at Brookhaven Nat. Lab.; Nobel Price 1988 )

15 years later the tau lepton was discovered at SLAC by Martin Perl
(Nobel Price 1995)
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v, discovery (1962)

Extract from Nobel price (1988) page of
BNL

The experiment used a beam of the
AGS's") energetic protons to produce a
shower of pi mesons, which traveled 70
feet toward a 5,000-ton steel wall made of
old battleship plates. On the way, they
decayed into muons and neutrinos, but
only the latter particles could pass
through the wall into a neon-filled
detector called a spark chamber. There,
the impact of neutrinos on aluminum
plates produced muon spark trails that
could be detected and photographed --
proving the existence of muon-neutrinos.

The experiment's use of the first-ever
neutrino beam paved the way for
scientists to use these particles in
research at the AGS and around the
world.

*) AGS = Alternating Gradient Synchrotron, a 33 GeV
proton accelerator at the Brookhaven Nat. Lab.
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Towards modern muon detectors

The setup used at BNL in 1962 that lead to the v
discovery brings us pretty close to modern muon
detector systems. It exploited a number of
features that we will find back all the time over
the next two days.

The use of heavy shielding — absorption of unwanted
particles (in this case of muons!)

A new type of detector (spark chamber)

The distinct event signature of muons to distinguish
them from other particles
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Muon sources
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Muon production |

Muons are mainly produced in the
decay of charged pions

™ —>pty, (antivy)
They represent about 80% of the
cosmic ray flux at sea level

They are the result of hadronic
interactions producing pions in the upper
earth atmosphere, typically 15 km above
sea level

Given their average life time (=2.2 us)
they should not even make it to the earth
if it was not for the time contraction
owing to their high speed (relativistic,
close to the speed of light)

Average energy loss of muons (2 GeV)

Time dilatation experiment (Rossi,
Hall, ... in 1940) => Tutorial (?)

ESIPAP, 10/02/2014 Muon Detection |, Joerg Wotschack (CERN) 14
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Cosmic ray flux

100 GeV
1 GeV
Sclentific American, {cy 1998
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The composition of the cosmic ray flux is
a strong function of the particle energy

At sea level muons represent about
80% of the cosmic ray flux averaged
over all energies

Above E = 1 GeV they contribute
almost 100%

Below 1 GeV/c the energy spectrum of
muons is almost flat, above 1 GeV it
falls, first gently then, above 100 GeV
exponentially

It extends to extremely high energies

The average cosmic ray muon energy
is 4 GeV
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‘Composition of cosmic ray flux
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WCZEF Eeport WMo 24 (1987 "Exposure
of the population i the TTuted States
and Canada from natural background
radiation”, Mational Council on

Eadiation Protection and Measurements,

10 Woodmont Avenue/Bethesda
D 20814

The composition of the
cosmic ray flux is also a
strong function of the
altitude

Muons dominate only
below =3500 m, at
higher altitudes
electrons are the most
abundant charged
particle species

A typical muon rate for
E >1 GeV at sea level is

= 70 W'sm2sisrior
= 1cm?mini
A number to remember
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Muon abundance in cosmic ray flux

Going back to the muon discovery there are a number of interesting
points to note by which we can understand why the muon was not
discovered immediately in the cloud chambers

Anderson took data at sea level (Pasadena, L.A.) but also at 4300 m altitude
on Pike’s Peak (Colorado).

As we just saw, at high altitude electrons are more abundant than muons. This
is one reason, the more important, however, is ...

The cloud chambers were primarily seeing low-energy particles dominated by
electrons since the very low energy muons do not make it to the sea level.
They decay into electrons and neutrinos before they reach the ground.

Anderson et al. did not know all this. If they had ‘hardened’ the energy
spectrum by adding shielding above the setup and thus stopping all other
low energy particles they would have seen muons immediately.

Today, adding shielding in front of muon detection systems is common
practice.
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Another quantity to
remember is the ratio
wH/w >1
in the cosmic ray flux
This reflects the more
abundant production
of m* and K* in the
forward direction in
the primary
interactions in the
atmosphere (protons
dominate over
neutrons in the
primary flux)
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Figure 24.5: Muon charge ratio as a function of the muon momentum from

Refs. [44,45,51].
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Given the cosmic
muon energy
spectrum and their
typical energy loss
muons can penetrate
up to several
kilometers water-
equivalent (w.e.) of
rock or ice or water

The understanding of
the muon energy loss
is another important
ingredient for
designing a muon
detector

‘Cosmic ray muon flux vs dep

esl__

_= T T T T TTTT T T T T TTTT
lo® - |
= ¥
E 3
o i
- B )
~ 1074 _ %
9 = A
w - !
T - : >
w ; o¥
E L ”I
:'? 1.{]'_E :.-'_ R
i !
e 5 5 10
)
fary )
E o
i 3
o T ]
) _H i 7
t 1.ﬂ‘ _-:_.I.' ?_
= 1L s
BEO ¢ i -
L) —
107 I ol I ol [

1 10 100
depth (km.w.e)

Figure 24.6: Vertical muon intensity vs depth (1 km.w.e.= 10° g em ™ 2of standard
rock). The experimental data are from: ¢: the compilations of Crouch [58], [O:
Baksan [63], o: LVD [64], e MACRO [65], B: Frejus [66], and A: SNO [67].
The shaded area at large depths represents neutrino-induced muons of energy above
2 GeV. The upper line is for horizontal neutrinc-induced muons, the lower one
for vertically upward muons. Darker shading shows the muon flux measured by
the SuperKamiokande experiment. The inset shows the vertical intensity curve for
water and ice published in Refs. [59-62].
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Muon energy loss

1000
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For muons with an energy above
1 GeV their energy loss (dE/dx) is
governed by three processes

= |onization dominates up to
100 GeV, very little dependent
on energy, with a typical value
of dE/dx for Fe of 2 MeV g
lcmZ

= Above a few hundred GeV,
Bremsstrahlung and Pair
production become important
and dominate

= Above 10 TeV also ’ .
photonuclear interactions are 0.1 vl oAl il el
no longer negligible; they 1 10 102 103 104 10°
result in rare (=5%) but hard Muon energy (GeV)
energy loss events Figure 10.11: The average energy loss of a muon in hydrogen,

iron, and uranium as a function of muon energy. Contributions
to dE/dx in iron from ionization and the processes shown in
Fig. 10.10 are also shown.
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Underground muon’ detectors

IceCube Lab
IceTop

DeepCore

ings-spacing optimized for lower energies
800 optical sengor

Antares, under-water Cherenkov
detector in the Mediterranean sea
close to Marseille.

The IceCube Neutrino Telescope
(Antarctic) is made up of 86 strings with a
total of 5,160 Digital Optical Modules
that are used to sense and record
neutrino events in ice.

ESIPAP, 10/02/2014 Muon Detection |, Joerg Wotschack (CERN) 21
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Muons in underground detectors

In underground or under-water neutrino detectors muons
play a dual role

"= They are unwanted background; one tries to place the
detectors are deep as possible at few thousand meters
water equivalent

" They are signature. Muon neutrinos will most of the
time interact via charge-current reactions

VN—>pu+X
creating an energetic muon in the final state

= The muon is then detected via Cherenkov radiation by
the phototubes employed in the water or ice
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In accelerators muons are abundantly produced in hadronic
interactions through the chain

pp—>1m+..and >y,

ESIPAP, 10/02/2014 Muon Detection |, Joerg Wotschack (CERN) 23
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Muon beams

Today muon beams are available at many
places in Europe, Asia, and America.

High energy muon beams, e.g., at CERN SPS, FNAL
Low/medium energy: PSI, TRIUMF, Los Alamos,
BNL, DUBNA, RAL, ...

Muons are also copiously produced in Collider
experiments
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xed-target experiments with muons
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~Fixed-target experiments with muons

Muon detection played (and still plays) also an important role
in hadron-production experiments, e.g., to identify and
measure Drell-Yann processes

trigger-hodoscopes

? A
SM2 dipole e

Muon-filter2, M

RichWall COMPASS

Gems, Sc?Fi ,DCs,straws

SciFi Micromegas,DC,SciFi
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“b2bFixed-target muon detectors &

Muon beams
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NA4 muon detector at CERN in 1978
deep-inelastic muon scattering experiment

COMPASS muon scattering experiment at
CERN (M2 beam line) - in operation

#'iﬂ‘

Neutrino beams

in 1977 (operational from 1976 to 1984) |

ESIPAP, 10/02/2014 Muon Detection |, Joerg Wotschack (CERN) 27



esipap .,

ESIPAP, 10/02/2014

Neutrino beams

Muon detectors to monitor
neutrino flux

<

Decay tunnel (few 100 m)
Absorber

Muon Detection |, Joerg Wotschack (CERN)
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in Particle & Astroparticle Physics I X I

“ LEP detectors (ALEPH, DELPHI, L3, OPAL) had all muon systems (Z —
> Uy, W— X, ...)

= Hadron collider experiments make heavy use of muon systems

Muon Desextons Deceramagnatic Calzemensrs

ESIPAP, 10/02/2014 Muon Detection |, Joerg Wotschack (CERN) 29
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What have we learned so far

Muons were discovered in 1937 in the cosmic ray flux
where they are copiously present (but this was not known
in 1937)

Muons are charged(+) and unstable, but relatively long-
lived particles (life-time 2.2 us)

They are point-like and not composed of quarks; they are
like electrons, only about 200 times heavier

Like electrons they do not interact via the strong interaction

Differently from electrons, bremsstrahlung becomes only
important above a few 100 GeV

They are the most penetrating charged particles, in one
meter of iron they lose only =1.5 GeV
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We are ready

We know now the basics to design ourselves a
muon detector

See you this afternoon ...



