Outside earth’s atmosphere, these
are charged particles, 86% protons
These primary cosmic ray particles
Interact with air high in the
atmosphere (~15 km), creating
showers of secondary particles

By time the secondaries reach sea
level, the muons dominate the flux

The detectable (vertical) rate at sea
level is ~1/cm?/min (e.g. in CRDS)

Outside the solar system, CRs have B8 g ‘.‘*(
an energy density of =1 eV/cm3 W

= Starlight: 0.6 eV/cm?3 - . Q”{‘\. M

= CMB: 0.26 eV/cm3
~30% of natural radiation (sea level)

Provide charge and seeds for
lightning
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1
Steeply falling, power law energy 00 by, Fluxes of Cosmic Rays
spectrum i N
For E<10 eV, spectrum and flux ' [ T e
are consistent with acceleration o b o
by shock waves from supernovae i o
(“Fermi acceleration”) LT 0
..z L 0
For larger energy, mechanismis & . ~?_?o
unknown (black hole at galactic < F e parile per m—yean
center??) ot R\
- ‘x
For E>10'%eV, protons would not . F ‘-\j.,‘...
be captured by galactic magnetic -
field (3><1O'10 T) 102 b ‘
= p,[GeV] = (0.3g/e)B[T] R[m] -
So higher energy CRs must be - T, |
extra-galactic... but GZK cutoff... 0% (1 particle per km-year)
ool %*
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Sites in Mexico and Argentina
« Array of detectors: (40x1.5 km)x(40x1.5 km)
 GZK: extragalactic CRs attenuated:
p+y(CMB) > A*>p+xn° n+nxt
= 411 CMB photons/ cm?3; E=kx2.7K=2.4x104 eV
= No protons >102° eV from further than 5 Mpc
« Summer 2007: No excess above GZK cutoff

Mo bull,

The Fierre Auger Array, which
comprizes more than 1200
detectars like thiz one, sees no
axcass of ultra-high energy
COSMIC rays.

A Comedown for Cosmic Rays

By Adrian Cho
Sciencel W Daily Mews
3 Jduly 2007

REEREDA, MEXICO..An otherwise inexplicable excess in the highest energy
cosmic ravs crashing into Sarth has heen explained in the simplest way: The
excess simply doesnt exist. The new result may disappoint physicists who had
perceived hints of exciting new phenamana in the averabundance of individual
subatonuc patdicles cruising aleng with as much enargy a= a large hailstone, It
alzo leaves some mysieras unanswerad,

Fezliy energetic particies should hit Earth only very rarely. After ail, the number
of cozmic rays paelting Earth decreases steadily as the enargy of the rays
increases. Abave a specific energy, tha rate ought to drop even faster. Far
example, if the rays consist mainly of protons, then at such tremendous
enargias they cught to break into other subatomic particles whan they callide
with photons in the afterglow of the hig bang, the cosmic microwave background.



Primaries interact in the atmosphere — the
maximum production of pions and muons is at
z=15 km, making showers of (mostly) short-live
particles.(e.g. pion (n?) lifetime is 2.6x108 s)
Characteristic shower angle:

0~p,/p =0.2GeV/IE
The long-lived secondaries are:

= e* photons: mostly absorbed

* neutrinos (v): practically invisible

= muons (u): 1 =lifetime is 2.2x10° s
Without time dilation, muons would travel

d<ct=660 m, with a survival fraction
@-0.66/15 .1 ()-10

Instead, for a 10 GeV muon, y~10/0.1=100,
then mean distance is 66 km. (OK)

Simulated event:
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http://www.th.physik.uni-frankfurt.de/~drescher/CASSIM/

 Predominantly muons

e Detectable (vertical) flux is ~1/ cm?/ min

« Mean energy ~ 4 GeV

« Originate at altitude of 15 km, on average

 The very low energy muons (~1-3 GeV) mostly decay
= 15 km decay length corresponds to a 2.4 GeV muon

* The higher energy muons lose about 2 GeV (on average) due to
lonization in the atmosphere

= and about 4 MeV / cm in concrete
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A “minimum ionizing particle” (MIP), e.g. a typical cosmic ray muon,
passes through a plastic scintillator, depositing (on average) about
2 MeV / cm (ionization of the plastic)

Typically, the scintillation yield is ~1 photon per 100 eV of ionization
— 2x10% photons/ cm for each muon

Some fraction of the photons are collected at the photomultiplier tube
(PMT) — depends on geometry and indices of refraction

The photocathode of the PMT converts a blue photon to an electron
with efficiency of ~10%
The PMT multiplies an electron by a factor ~10°

» depends on high voltage setting, number of stages N (N=10 to 12

typically), and geometry Protocathode Ancdo
: / Blacrons Electrical
= Gain « (fEW)N mm | ﬁ"., ., connectors
N~ Scintilator o 1\ ':'
N A NONE
—\ I N =

electrode Photomuitipliar tube (PMT)
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Leptons Quarks

The Generations of Matler avor

August 14, 2007
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. electron
€ neutrino

e

electron

Mass
GeV/c?

<1x1078

0.000511

FERMIONS
I Il III Leptons spin = 1/2

Electric
charge

matter constituents
1/2, 3/2, 5/2, ...

Spil'"l —.

Quarks spin=1/2

Flavor

U up

d down

Approx.
Mass
GeV/c2

0.006

Electric
charge

-1/3

muon
M neutrino

JL muon

<0.0002

0.106

C charm

S strange

0.1

-1/3

v tau
T neutrino

T tau

<0.02

1.7771

t top

h bottom

175

4.3

2/3

-1/3



Carried
By Graviton

(mot yet observed)

All
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