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24. COSMIC RAYS

Revised August 2007 by T.K. Gaisserand T. Stanev (Bartol Researt Inst., Univ. of
Delaware).

24.1. Primary spectra

The cosmic radiation incident at the top of the terrestrial atmosphere includes all
stable charged particles and nuclei with lifetimes of order 10° yearsor longer. Tecnically,
\primary" cosmic rays are those particles accelerated at astrophysical sources, and
\secondaries" are those particles producedin interaction of the primaries with interstellar
gas. Thus, electrons, protons, and helium, as well as carbon, oxygen, iron, and other
nuclei synthesized in stars, are primaries. Nuclei such as lithium, beryllium, and
boron (which are not abundant end-products of stellar nucleosyrthesis) are secondaries.
Antiprotons and positrons are also in large part secondary Whether a small fraction of
these particles may be primary is a question of current interest.

Apart from particles assaiated with solar °ares, the cosmic radiation comesfrom
outside the solar system. The incoming charged particles are \mo dulated" by the solar
wind, the expanding magnetized plasma generated by the Sun, which deceleratesand
partially excludesthe lower energy galactic cosmic rays from the inner solar system.
There is a signi cant anticorrelation between solar activity (which has an alternating
elewen-year cycle) and the intensity of the cosmicrays with energiesbelon about 10 GeV.
In addition, the lower-energycosmicrays are a®ectedby the geomagnetic eld, which they
must penetrate to reac the top of the atmosphere. Thus the intensity of any component
of the cosmicradiation in the GeV range dependsboth on the location and time.

There are four di®erert ways to describe the spectra of the componerts of the cosmic
radiation: (1) By particles per unit rigidity. Propagation (and probably also acceleration)
through cosmic magnetic elds dependson gyroradius or magnetic rigidity, R, which is
gyroradius multiplied by the magnetic eld strength:

C
R= g—e =, B. (24.1)
(2) By particles per energy-per-nucleon. Fragmertation of nuclei propagating through
the interstellar gas dependson energy per nucleon, sincethat quartity is approximately
consened when a nucleus breaks up on interaction with the gas. (3) By nucleonsper
energy-per-nucleon. Production of secondary cosmic rays in the atmosphere depends
on the intensity of nucleons per energy-per-nucleon, approximately independertly of
whether the incident nucleonsare free protons or bound in nuclei. (4) By particles per
energy-per-nucleus. Air shower experiments that use the atmosphere as a calorimeter
generally measurea quartit y that is related to total energy per particle.

The units of di®ereriial intensity I are [m~2s 1sr-1£-1], where & represetts the units
of one of the four variables listed above.

The intensity of primary nucleonsin the energy range from sewral GeV to somewhat
beyond 100 TeV is given approximately by
nucleons

~ S
IN(E) ~ 18x 10" (B/1GeV)™ ==+,

(24.2)

CIT ATION: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)
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2 24. Cosmic rays

where F is the energy-per-nucleon (including rest massenergy),and o (= v+ 1) = 2.7
is the di®erertial spectral index of the cosmicray °ux and ~ is the integral spectral
index. About 79% of the primary nucleonsare free protons and about 70% of the rest are
nucleonsbound in helium nuclei. The fractions of the primary nuclei are nearly constart
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondaryincident nuclei are listed in Table 24.1. Figure 24.1 shows the
major componerts for energiesgreater than 2 GeV/n ucleon.
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Figure 24.1: Major componerts of the primary cosmicradiation from Refs. [1{12].
The gure was created by P. Boyle and D. Muller. Seefull-color version on color
pagesat end of book.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sourcesof the primary cosmicradiation are located
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24. Cosmic rays 3

Table 24.1: Relative abundancesF' of cosmic-ray nuclei at 10.6 GeV/n ucleonnor-
malized to oxygen (= 1) [6]. The oxygen °ux at kinetic energyof 10.6 GeV/n ucleon
is 3.26 x 1078 cm=2 s1 sr 1 (GeV/n ucleon)1. Abundances of hydrogen and
helium are from Refs. [2,3]. Note that one can not use these values to extend
the cosmicray °ux to high energy becausethe power law spectrum is not fully
establishedyet and that Figure 24.1is in energy per particle.

Z Element F Z Elemen F
1 H 540 13{14 Al-Si 0.19
2 He 26 15{16 P-S 0.03
3{5 Li-B 0.40 17{18 CI-Ar 0.01
6{8 C-O 2.20 19{20 K-Ca 0.02
9{10 F-Ne 0.30 21{25 Sc-Mn 0.05
11{12 Na-Mg 0.22 26{28 Fe-Ni 0.12

within the galaxy [13]. The ratio of secondaryto primary nuclei is obsened to decrease
with increasingenergy a fact interpreted to meanthat the lifetime of cosmicrays in the
galaxy decreaseswith energy Measuremens of radioactive \clo ck" isotopesin the low
energy cosmicradiation are consistert with a lifetime in the galaxy of about 15 Myr [14].

The spectrum of electrons and positrons incident at the top of the atmosphere is
steeper than the spectra of protons and nuclei, as shovn in Fig. 24.2. The positron
fraction decreasedrom ~ 0.2 below 1 GeV [21{23]to ~ 0.1 around 2 GeV and to ~ 0.05
at the highest energiesfor which it is measured(5 — 20 GeV) [18]. This behavior refers
to measuremets made during solar cycles of positive magnetic polarity and at high
geomagneticlatitude. Ref. 22 discusseghe dependenceof the positron fraction on solar
cycle and Ref. 23 studies the geomagnetice®ects.

The ratio of antiprotons to protons is ~ 2 x 10~4 [24] at around 10{20 GeV, and there
is clear evidence[25] for the kinematic suppressionat lower energy that is the signature
of secondaryantiprotons. The p/p ratio also shows a strong dependenceon the phase
and polarity of the solar cycle [26] in the opposite senseto that of the positron fraction.
There is at this time no evidencefor a signi cant primary componert either of positrons
or of antiprotons. No antihelium or antideuteron has beenfound in the cosmicradiation.
The best current measuredupper limit on the ratio antihelium/helium is approximately
7 x 1077 [27]. The upper limit on the °ux of antideuterons around 1 GeV/n ucleon is
approximately 2 x 104 m? s sr GeV/n ucleon [28].
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Figure 24.2: Di®erertial spectrum of electrons plus positrons multiplied by E?
(data from [15{22]) . The line shaws the proton spectrum multiplied by 0.01. See
full-color version on color pagesat end of book.

24.2. Cosmic rays in the atmosphere

Figure 24.3 shows the vertical °uxes of the major cosmic ray componerts in the
atmosphere in the energy region where the particles are most numerous (except for
electrons, which are most numerous near their critical energy which is about 81 MeV in
air). Except for protons and electrons near the top of the atmosphere, all particles are
produced in interactions of the primary cosmicrays in the air. Muons and neutrinos are
products of the decay of charged mesons,while electronsand photons originate in decays
of neutral mesons.

Most measuremets are made at ground level or near the top of the atmosphere,
but there are also measuremets of muons and electrons from airplanes and balloons.
Fig. 24.3 includes recert measuremets of negative muons [29{32]. Since u* (1~) are
produced in assaiation with v,(7,), the measuremen of muons near the maximum of
the intensity curve for the parent pions sernesto calibrate the atmospheric v, beam[33].
Becausemuons typically lose almost two GeV in passingthrough the atmosphere, the
comparison near the production altitude is important for the sub-GeV range of v, (v,,)
energies.

The °ux of cosmicrays through the atmosphereis described by a set of coupled cascade
equations with boundary conditions at the top of the atmosphereto match the primary
spectrum. Numerical or Monte Carlo calculations are neededto accourt accurately for
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Figure 24.3. Vertical °uxes of cosmicrays in the atmospherewith £ > 1 GeV
estimated from the nucleon °ux of Eq. (24.2). The points shov measuremeits of
negative muons with £, > 1 GeV [29{32]. Seefull-color version on color pagesat
end of book.

decay and energy-lossprocessesand for the energy-degndencesof the crosssectionsand
of the primary spectral index ~. Approximate analytic solutions are, however, useful in
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6 24. Cosmic rays

limited regionsof energy[34,35]. For example,the vertical intensity of nucleonsat depth
X (g cm~2) in the atmosphereis given by

IN(E, X) ~ In(E,0)e X/, (24.3)
where @ is the attenuation length of nucleonsin air.
The corresponding expressionfor the vertical intensity of charged pions with energy

Er < er=115GeVis

—X/n X Er

€r

A
Li(Ex, X) ~ AJJVV” IN(Fx,0)e (24.4)

This expressionhas a maximum at X = & ~1214+4 g cm—2 [36], which corresponds
to an altitude of 15 kilometers. The quartity Zp . is the spectrum-weighted momernt of
the inclusive distribution of charged pions in interactions of nucleonswith nuclei of the
atmosphere. The intensity of low-energy pions is much lessthan that of nucleonsbecause
Znx =~ 0.079is small and becausemost pions with energy much lessthan the critical
energy e, decg rather than interact.

24.3. Cosmic rays at the surface

24.3.1. Muons : Muons are the most numerous charged particles at sealevel (see
Fig. 24.3). Most muons are produced high in the atmosphere (typically 15 km) and
lose about 2 GeV to ionization before reaching the ground. Their energy and angular
distribution re°ect a cornvolution of production spectrum, energylossin the atmosphere,
and deca. For example, 2.4 GeV muons have a decay length of 15 km, which is reduced
to 8.7 km by energy loss. The mean energy of muons at the ground is ~ 4 GeV. For
GeV muons there is also a solar activity and a latitude e®ectthat results from the
geomagnetice®ects. These two e®ectsa®ectthe GeV muon °ux at the 10% level. The
energy spectrum is almost °at belonv 1 GeV, steepens gradually to re°ect the primary
spectrum in the 10{100 GeV range, and steepensfurther at higher energiesbecausepions
with E. > e, tend to interact in the atmosphere before they decay. Asymptotically
(E, > 1TeV), the energy spectrum of atmospheric muons is one power steeger than the
primary spectrum. The integral intensity of vertical muons above 1 GeV/ ¢ at sealevel
is ~ 70 m—2s~1sr~1 [37,38], with recert measuremeis [39{41] tending to give lower
normalization by 10-15%. Experimentalists are familiar with this number in the form
I ~1cm~2 min—1 for horizontal detectors.

The overall angular distribution of muons at the ground is « co$#, which is
characteristic of muons with £, ~ 3 GeV. At lower energy the angular distribution
becomesincreasingly steep, while at higher energy it °attens, approacing a sed
distribution for £, > e and 6 < 70°.
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Figure 24.4: Spectrum of muonsat § = 0° (" [37], ¥ [42], " [43], N [44], x,
+ [39], o [40] and (blakcircles) [41] and § = 75° § [45]) . The line plots the result
from Eq. (24.5) for vertical showers.

An approximate extrapolation formula valid when muon deca is negligible
(£, > 100/ cost GeV), and the curvature of the Earth can be neglected(f < 70°) is

dN, _ 014E;*7
dE,d- Né:mz s sr GeV o
< 1 0.054 =
> 1.1E,, cost ¥ 11FE, cost) > (24.5)
Tl TR 1 TR
115GeV 850GeV

where the two terms give the contribution of pions and charged kaons. Eq. (24.5) neglects
a small contribution from charm and heavier °avors which is negligible except at very
high energy [46].

Figure 24.4 showns the muon energy spectrum at sealevel for two angles. At large
angleslow energy muons decay before reacing the surface and high energy pions decay
beforethey interact, thus the averagemuon energyincreases.

The muon charge ratio re°ects the excessof 7+ over 7~ and K over K~ in the
forward fragmentation region of proton initiated interactions together with the fact that
there are more protons than neutrons in the primary spectrum. The increasewith energy
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Figure 24.5: Muon charge ratio as a function of the muon momertum from
Refs. [40,41,47].

of u* /u~ shown in Fig. 24.5 re°ects the increasing importance of kaonsin the TeV
range[47], and indicates a signi cant cortribution of assaiated production by cosmic-ray
protons (p — A+ K*). The same processis even more important for atmospheric
neutrinos at high energy

24.3.2. Electr omagnetic component : At the ground, this componert consists of
electrons, positrons, and photons primarily from electromagnetic cascadesinitiated
by decay of neutral and charged mesons.Muon decg is the dominant source of
low-energy electrons at sealevel. Decay of neutral pions is more important at high
altitude or when the energy threshold is high. Knock-on electrons also make a small
cortribution at low energy[48]. The integral vertical intensity of electronsplus positrons
is very approximately 30, 6, and 0.2 m—2s 1sr—1 above 10, 100, and 1000 MeV
respectively [38,49], but the exact numbers depend sensitively on altitude, and the
angular dependenceis complex becauseof the di®erert altitude dependenceof the
di®eren sourcesof electrons[48{50]. The ratio of photons to electrons plus positrons is
approximately 1.3 above a GeV and 1.7 below the critical energy [50].
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24. Cosmic rays 9

24.3.3. Protons : Nucleonsabove 1 GeV/ ¢ at ground level are degradedremnarts of
the primary cosmicradiation. The intensity is approximately represetied by Eq. (24.3),
with the replacemen X — X/ cosb for § < 70°. At sealevel, about 1/3 of the nucleons
in the vertical direction are neutrons (up from =~ 10% at the top of the atmosphereas
the n/p ratio approadies equilibrium). The integral intensity of vertical protons above
1 GeV/ ¢ at sealevel is ~ 0.9 m—2s~1sr~1 [38,51].

24.4. Cosmic rays underground

Only muons and neutrinos penetrate to signi cant depths underground. The muons
produce tertiary °uxes of photons, electrons,and hadrons.

24.4.1. Muons : As discussedin Section 27.6 of this Review, muons lose energy by

ionization and by radiativ e processes:bremsstrahlung, direct production of e™ e~ pairs,
and photonuclear interactions. The total muon energylossmay be expressedasa function
of the amount of matter traversedas

dE,

_ﬁ = a+ bE’u s (246)

where « is the ionization loss and b is the fractional energy loss by the three radiation

processes.Both are slowly varying functions of energy The quantity e = a/b (=~ 500 GeV
in standard rock) de nes a critical energy below which cortinuous ionization lossis more
important than radiative losses.Table 24.2 shows a and b values for standard rock as

a function of muon energy The secondcolumn of Table 24.2 shows the muon range in

standard rock (A = 22, Z = 11,p = 2.65gcm™3). Theseparametersare quite sensitive
to the chemical composition of the rock, which must be evaluated for ead experimertal

location.

Table 24.2: Average muon range R and energy loss parameters calculated for
standard rock [52]. Rangeis givenin km-water-equivalert, or 10° g cm—2.

E, R a borems  bpair  Onucl i b; i b(ice)
GeV kmw.e. MeVglem? —— 106glem? ——
10 0.05 2.17 0.70  0.70 050 1.90 1.66
100 0.41 2.44 1.10 153 041 3.04 251
1000 2.45 2.68 1.44 2.07 041 3.92 3.17
10000 6.09 2.93 1.62 227 0.46 4.35 3.78

The intensity of muons underground can be estimated from the muon intensity in the
atmosphereand their rate of energyloss. To the extent that the mild energy-depgndence
of a and b can be neglected,Eg. (24.6) can be integrated to provide the following relation
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10 24. Cosmic rays

between the energy E, o of a muon at production in the atmosphere and its average
energy E,, after traversing a thickness X of rock (or ice or water):

Ey= (Buo+ee ™™ — ¢, (24.7)

Especially at high energy howewer, °uctuations are important and an accurate calculation
requires a simulation that accourts for stochastic energy-lossprocesseg53].
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Figure 24.6: Vertical muon intensity vs depth (1 km.w.e.= 10° g cm~2 of standard
rock). The experimental data are from: §: the compilations of Crouch [54], ©:
Baksan [58], o: LVD [59], e: MACRO [60], ¥: Frejus [61], and ASNO [62].
The shadedareaat large depths represents neutrino-induced muons of energy above
2 GeV. The upper line is for horizontal neutrino-induced muons, the lower one for
vertically upward muons.

There are two depth regimesfor Eq. (24.7). For X < b~1 ~ 2.5 km water equivalert,
E, o = E,(X)+ aX, while for X > b1 E, o = (e + E, (X)) exp(bX). Thus at
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shallov depths, the di®erertial muon energy spectrum is approximately constart for
E, < aX, and steepens to re°ect the surface muon spectrum for £, > aX, whereas
for X > 2.5 km.w.e., the di®ererial spectrum underground is again constart for small
muon energiesbut steepensto re°ect the surface muon spectrum for £, > ¢ ~ 0.5 TeV.
In the deepregime, the shape is independert of depth, although the intensity decreases
exponertially with depth. In generalthe muon spectrum at slant depth X is

dN,(X) _ dN, dE,o _ ANy, ebX, (24.8)
dE, dE,o0 dEy, dE,0

where E,, o is the solution of Eq. (24.7) in the approximation neglecting °uctuations.

Fig. 24.6 shows the vertical muon intensity versusdepth. In constructing this \depth-
intensity curve," ead group has taken accourt of the angular distribution of the muons
in the atmosphere,the map of the overburden at ead detector, and the properties of the
local medium in connecting measuremets at various slant depths and zenith anglesto
the vertical intensity. Use of data from a range of anglesallows a xed detector to cover
a wide range of depths. The °at portion of the curve is due to muons produced locally by
charged-currert interactions of v,,. The inset shows the vertical intensity curve for water
and ice published in Refs. [55{57]. It is not as steepasthe one for rock becauseof the
lower muon energylossin water.

24.4.2. Neutrinos : Becauseneutrinos have small interaction crosssections, measure-
mernts of atmospheric neutrinos require a deep detector to avoid badgrounds. There are
two types of measuremets: contained (or semi-cortained) ewverts, in which the vertex
is determined to originate inside the detector, and neutrino-induced muons. The latter
are muons that enter the detector from zenith anglesso large (e.g., nearly horizontal or
upward) that they cannot be muons produced in the atmosphere. In neither caseis the
neutrino °ux measureddirectly. What is measuredis a cornvolution of the neutrino °ux
and cross section with the properties of the detector (which includes the surrounding
medium in the caseof entering muons).

Contained and semi-cortained ewvernts re°ect neutrinos in the sub-GeV to multi-GeV
region, where the product of increasingcrosssection and decreasing®ux is maximum. In
the GeV region, the neutrino °ux and its angular distribution depend on the geomagnetic
location of the detector and, to a lesserextent, on the phaseof the solar cycle. Naively,
we expect v, /v. = 2 from courting neutrinos of the two °avors coming from the chain
of pion and muon decay. This ratio is only slightly modi ed by the details of the decay
kinematics, but the fraction of electron neutrinos gradually decreasesabove a GeV as
parent muons begin to read the ground before decaying. Experimental measuremets
have to accourt for the ratio of 7/v, which have cross sections di®erent by a factor
of 3 in this energy range. In addition, detectors generally have di®erern ezciencies
for detecting muon neutrinos and electron neutrinos, which needto be accourted for
in comparing measuremers with expectation. Fig. 24.7 shows the distributions of the
visible energy in the Super-Kamiokande detector [63] for electron-like and muon-like
charged current neutrino interactions. Contrary to expectation, the numbers of the two
classesf everts are similar rather than di®eren by a factor of two. The exposurefor the
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12 24. Cosmic rays

data sampleshown hereis 1489days. The fallo® of the muon-like everts at high energyis
a consequencef the poor containment for high energy muons. Corrections for detection
exciencies and badkgrounds are, howewer, insuzxcient to account for the large di®erence
from the expectation [64,65].
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Figure 24.7: Sub-GeVand multi-GeV neutrino interactions from SuperKamiokande[63].

The plot shows the spectra of visible energyin the detector.

Two well-understood properties of atmospheric cosmic rays provide a standard for
comparison of the measuremets of atmospheric neutrinos. These are the \sect e®ect"
and the \east-west e®ect" [66]. The former refers originally to the enhancemen of the
°ux of > 10 GeV muons (and neutrinos) at large zenith angles,becausethe parernt pions
propagate more in the low density upper atmospherewhere deca is enhancedrelative to
interaction. For neutrinos from muon decay, the enhancemenh near the horizontal becomes
important for £, > 1 GeV, and arisesmainly from the increasedpathlength through the
atmospherefor muon deca in °ight. Fig. 24.8 from Ref. 63 shavs a comparisonbetween
measuremeh and expectation for the zenith angle dependenceof multi-GeV electron-like
(mostly v.) and muon-like (mostly v,) events separately The v, shav an enhancemen
near the horizontal and approximate equality for nearly upward (cosf ~ —1) and nearly
downward (cosf ~ 1) ewernts. There is, however, a very signi cant de cit of upward
(cost < 0) v, ewvents, which have long pathlengths comparable to the radius of the
Earth. This pattern has been interpreted as evidence for oscillations involving muon
neutrinos [67]. (Seethe article on neutrino properties in this Review.) Including three
dimensional e®ectsin the calculation of atmospheric neutrinos may change somewhatthe
expected angular distributions of neutrinos at low energy [68], but it doesnot change
the fundamental expectation of up-down symmetry, which is the basis of the evidencefor
oscillations.
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Figure 24.8: Zenith-angle dependenceof multi-GeV neutrino interactions from
SuperKamiokande [63]. The shadedboxes shav the expectation in the absenceof
any oscillations.

Table 24.3: Measured °uxes (10713 cm~2 s~1 sr—1) of neutrino-induced muons as a
function of the e®ective minimum muon energy F,,.

E,> 1GeV 1 GeV 1GeV 2GeV  3GeVv 3 GeV

Ref. CWI [69] Baksan[70] MACRO [71] IMB [72] Kam [73] SuperK [74]
F, 2174021 2.7740.17 229+ 015 2.26+0.111.94£0.12 1.74+0.07

Muons that enter the detector from outside after production in charged-curren
interactions of neutrinos naturally re°ect a higher energy portion of the neutrino
spectrum than contained events, becausethe muon range increaseswith energy as well
as the crosssection. The relevant energy range is ~ 10 < E,, < 1000 GeV, depending
somewhat on angle. Neutrinos in this energy range shov a secd e®ect similar to
muons (see Eqg. (24.5)). This causesthe °ux of horizontal neutrino-induced muons to
be approximately a factor two higher than the vertically upward °ux. The upper and
lower edgesof the horizontal shadedregion in Fig. 24.6 correspond to horizontal and
vertical intensities of neutrino-induced muons. Table 24.3 gives the measured uxes of
upward-moving neutrino-induced muons averagedover the lower hemisphere. Generally
the de nition of minimum muon energy dependson where it passeshrough the detector.
The tabulated e®ective minimum energy estimates the average over various accepted
trajectories.
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14 24. Cosmic rays
24.5. Air showers

So far we have discussedinclusive or uncorrelated °uxes of various componerts of
the cosmicradiation. An air shower is causedby a single cosmicray with energy high
enoughfor its cascadeto be detectable at the ground. The shower has a hadronic core,
which acts as a collimated source of electromagnetic subshavers, generatedmostly from
70 — ~~ decas. The resulting electronsand positrons are the most numerous particles
in the shawver. The number of muons, produced by decays of charged mesons,is an order
of magnitude lower. Air shawers spread over a large area on the ground, and arrays of
detectors operated for long times, are useful for studying cosmicrays with primary energy
Egp > 100 TeV, where the low °ux makes measuremets with small detectorsin balloons
and satellites dizcult.

Greisen [75] gives the following approximate expressionsfor the numbers and lateral
distributions of particles in shavers at ground level. The total number of muons N,, with
energiesabove 1 GeV is

3

’ 3/4
N,(>1GeV) ~ 095x 10° N./10° / ,

(24.9)

where N, is the total number of charged particles in the shower (not just e*). The
number of muons per squaremeter, p,,, asa function of the lateral distance r (in meters)
from the certer of the shower is

3

B Y125 ’

Pr= ori 25 320 320 ’ (24.10)
where j is the gammafunction. The number density of charged particles is
pe = C1(s,d,C2) 20D (@ + 2)5=49) (1 + Oz . (24.11)

Here s, d, and C> are parametersin terms of which the overall normalization constart
C1(s,d,C>) is given by

N,
C1(s,d, C2) = = [B(s,4.5— 2s)
2nry]
+ C9B(s+ d, 45— d—2s)] 1, (24.12)

where B(m, n) is the beta function. The valuesof the parameters depend on shower size
(Ne), depth in the atmosphere,identity of the primary nucleus, etc. For showers with
N, ~ 10° at sealevel, Greisenusess = 1.25,d = 1, and C» = 0.088. Finally, z is r/ry,
where r1 is the Moligre radius, which dependson the density of the atmosphereand hence
on the altitude at which showers are detected. At sealevel r1 ~ 78 m. It increaseswith
altitude asthe air density decreases.

The lateral spread of a shower is determined largely by Coulomb scattering of the
many low-energy electronsand is characterized by the Molkere radius. The lateral spread
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of the muons (p,,) is larger and depends on the transverse momerta of the muons at
production, aswell as multiple scattering.

There are large °uctuations in developmert from shower to shawer, even for showers of
the sameenergy and primary mass|esp ecially for small showers, which are usually well
past maximum developmert when obsened at the ground. Thus the shower size N, and
primary energy Eg are only related in an average sense,and even this relation depends
on depth in the atmosphere. One estimate of the relation is [76]

Eo ~ 3.9x 10° GeV (N, /10%)9° (24.13)

for vertical showers with 104 < E < 1017 eV at 920 g cm—2 (965 m above sealevel).
As Ej increases,the shover maximum (on average) moves down into the atmosphere
and the relation between N, and Eg changes. Moreover, becauseof °uctuations, N, as
a function of Eg is not correctly obtained by inverting Eq. (24.13). At the maximum of
shower developmen, there are approximately 2/3 particles per GeV of primary energy

There are three types of air shower detectors: shower arrays that study the shower
size N, and the lateral distribution on the ground, Cherenkov detectors that detect the
Cherenlkov radiation emitted by the charged particles of the shower, and °uorescence
detectors that study the nitrogen °uorescenceexcited by the charged particles in the
shower. The °uorescencedight is emitted isotropically sothe shaverscan be obsened from
the side. Detailed simulations and cross-calibrationsbetween di®erer typesof detectors
are necessaryto establishthe primary energy spectrum from air-shower experimernts.

Figure 24.9 shaws the \all-particle” spectrum. The di®ererial energy spectrum has
beenmultiplied by E27 in order to display the features of the steep spectrum that are
otherwise di+cult to discern. The steepening that occurs between 101° and 10 eV is
known asthe knee of the spectrum. The feature around 1012 eV is called the ankle of the
spectrum.

Measuremens with small air showver experimerts in the knee region di®er by as much
as a factor of two, indicative of systematic uncertainties in interpretation of the data.
(For areview seeRef. 77.) Newer data setsare listed below. In establishingthe spectrum
shown in Fig. 24.9, e®ortshave beenmade to minimize the dependenceof the analysison
the primary composition. Ref. 78 usesan unfolding procedureto obtain the spectra of
the individual componerts, giving a result for the all-particle spectrum between10® and
1017 eV that lies toward the upper range of the data shown in Fig. 24.9. In the energy
range above 1017 eV, the °uorescencetechnique [80] is particularly useful, becauseit
can establish the primary energyin a model-independert way by observing most of the
longitudinal dewvelopmen of ead shower, from which Ej is obtained by integrating the
energy deposition in the atmosphere. The result, however, depends strongly on the light
absorption in the atmosphereand the calculation of the detector's aperture.

Assuming the cosmicray spectrum below 108 eV is of galactic origin, the knee could
re°ect the fact that most cosmic acceleratorsin the galaxy have reached their maximum
energy Sometypes of expanding supernova remnarts, for example, are estimated not
to be able to accelerate protons above energiesin the range of 101° eV. E®ects of
propagation and con nemert in the galaxy [81] also needto be considered.

November 29, 2007 14:50



16 24. Cosmic rays

10—

s lsrl]

2

[E—

)
~

Grigorov
JACEE
MGU
TienShan
Tibet07
Akeno
CASA/MIA
Hegra

L Flys Eye
Agasa

HiRes1

103 HiRes2
Auger SD
Auger hybrid
Kascade

BO 60 44>

E2'F(E) [GeV 7 m

HroOo ¢ o

) Lol Lol Ll 1 Lol Lol )
1013 1014 1015 1016 1017 1018 1019 1020
E [eV]

Figure 24.9: The all-particle spectrum from air shaover measuremets. The shaded
areashaows the range of the direct cosmicray spectrum measuremets. Seefull-color
version on color pagesat end of book.

Concerningthe ankle, onepossibility is that it is the result of a higher-energypopulation
of particles overtaking a lower-energy population, for example, an extragalactic °ux
beginning to dominate over the galactic °ux (e.g., Ref. 80). Another possibility is that
the dip structure in the region of the ankle is due to yp — e¢* + e~ energy lossesof
extragalactic protons on the 2.7 K cosmic microwave radiation (CMB) [83]. This dip
structure has been cited as a robust signature of both the protonic and extragalactic
nature of the highest energy cosmicrays [82]. If this interpretation is correct, then the
end of the galactic cosmic ray spectrum would be at an energy lower than 108 eV,
consistert with the maximum expected range of acceleration by supernova remnarts.
Energy-dependenceof the composition from the knee through the ankle holds the key to
discriminating betweenthesetwo viewpoints.

If the cosmicray °ux above the secondknee is cosmologicalin origin, there should
be a rapid steepening of the spectrum (called the GZK feature) around 5 x 1019 eV,
resulting from the onset of inelastic interactions of UHE cosmic rays with the cosmic
microwave background [84,85]. Although all UHECR experiments have detected events
of energy above 10?0 eV [80], [86{88], the spectral shape above the ankle is still not
well determined. The AGASA experimert [86] claimed 11 everts above 102° eV, while

November 29, 2007 14:50



24. Cosmic rays 17

10%6 E T T TTTrT] T T TTTTT] T T TTTTH
— = AGASA .
| oe HiRes 1,2, monocular —
o — **Auger 2007 N
3 i l i
HU) 1025 — —
o = . ]
7 - N
o~ L ", L ¥ + _
£ =¢» S ++:4* v .
w i
Q 1024 - J —
Z = -
< = -
S - .
i — ]
L | _
1023 | | IIIIII| | | IIIIII| | L1111l
1018 1019 1020 1021

Energy (eV)

Figure 24.10: Expanded view of the highest energy portion of the cosmic-ray
spectrum. ¥ [86] (AGASA), oe [87] (HiRes1,2 monocular), * [88, 89] (Auger). See
full-color version on color pagesat end of book.

HiRes [87] detected only two. The Auger obsenatory preseried spectra based on its

surface detector [88] and on events detected in hybrid mode [89], i.e., with both the
surface and the °uorescencedetectors. The HiRes and Auger spectra show a signi cant
steepening of the cosmicray spectrum above 3-5x 1012 eV, which is consistert with the
onset of inelastic interactions with astrophysical photon elds, mostly the CMB [84,85].

Figure 24.10givesan expandedview of the high energy end of the spectrum, showving
only the more recernt experiments. (See Ref. 90 for a recert review of all data about
1017 eV.) This gure and the previous one have shavn the di®erenial °ux multiplied
by a power of the energy a procedurethat enablesoneto seestructure in the spectrum
more clearly, but ampli es small systematic di®erencesin energy assignmes into
sizable normalization di®erences.All existing experiments are actually consistent in
normalization, if one takes quoted systematic errors in the energy scalesinto accourt.
Howewer, the continued power law type of °ux beyond the GZK cuto® claimed by the
AGASA experiment is not supported by the HiRes and Auger data. In November 2007
the Auger Collaboration reported [91] a correlation of the arrival directions of the
highest energy cosmic rays with active galactic nuclei (AGN) at distance lessthan 75
Mpc. Twerty of 27 events with energy above 6x10%° eV arrive at an angle lessthan 3.1°
from the position of a nearby AGN.
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