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Extensive Air Shower
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16.1 Basic features of air showers

Ao»st of the shower energy 1S eventually d1$Slpated by 1o‘m‘zaﬁon loSses of te elec-
trons and p051trons It is correct t ) think of the atmosphere as ac_alorlmeeto be

(16.1)

where N (X) is the number of che paicls in the shower at depth X (measured
along the shower axis) and « 1s the energy loss

per unit path length in the atmo-

sphere averaged over all electron energies. (a0 ~ 2. 5MeV/ g/em )). In practice the

track length integral must be extrapolated beyond the slant depth at the ground to
account for energy remaining in the shower when it reaches the surface.
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Energy measurement - calorimeter
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Fig. 2. Schematic view of the sampling calorimeter.
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Fig. 13. Measured energy deposition as function of depth in the calorimeter for hadrons with energies from 30 to 350 GeV. The lines represent fits

according to Eq. (7).
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Energy measurement - calorimeter
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Energy measurement - calorimeter
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Fig. 17. Energy sum in the calorimeter as function of the incident hadron
energy. The energy in each layer is weighted with the amount of absorber
in front of the layer.

respectively. B characterizes the growth of the cascade
¢ before the maximum and C the exponential decrease at §
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The number of low-energy (1 — 10 GeV) muons increases as the shower devel-
ops then reaches a plateaubecause muons rarely interact. The attenuation of the
muon component due to muon decay and energy 10551srelat1vely slow. In contrast,

the number of electrons and positrons declines rapidly after maximum because
radiation and pair production subdivides the energy down to the critical energy
(E. ~ 80 MeV — see 5.3) after which electrons lose their remaining energy to ion-
ization quickly. These basic features of longitudinal development of showers are
illustrated in the right panel of Figure 16.1.

The left panel of Figure 16.1 shows the lateral distributions of the different com-
ponents. Secondary hadrons are produed at atyp1ca1 almost energy-lndependent

transverse momentum of p._ 400 eV, leading to a Jarge angle of low-
energy hadronsrelatlve to the swer als In contrast t the EM partlle
0 narly parallel to thehadronl core.

a in te casades 11tated yh enery 7 -
Th1r laeral spea mes '1nly o multlpl Colobatterlng " Thus the
lateral distribution ofuon51s'wder than that of EMpartlcles because they are

malnlyproduced‘m the ecaytof low- -energy pions [505, 506]. For the same rea-
son, hadronic interactions at low energy (£ < 200 GeV) largely determine the total
muon yield [507, 508]. In round numbers the muons makeup of order ~ 1% of

trg‘ | 1cles | In thEM cmonn , the | y—r ‘ ounumbr the e' '
‘fctoroff\glO‘ | | | -
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Figure 16.1 s for vertical, proton-

induced showers at 101° eV. The lateral distribution of tpartlcles at ground is

calculated for 870 g/cm , the depth of the Auger Observatory. The energy thresh-

olds of the simulation were 0.25MeV for y, e* and 0.1 GeV for muons and

hadrons (from [33]).
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A Matthews Heitler Model — Electromagnetic Cascades

pair production y > e++e-

Available online at www.sciencedirect.com

,’Y SCIENCE@DIREGT® Astroparticle
: Physics
—————————— bremsstrahlung e > e+y i y
ELSEVIER Astroparticle Physics 22 (2005) 387-397
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splitting length d=X In2 A Heitler model of extensive air showers
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‘:‘._ Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA
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n i
after n splitting lengths: = =nXoln2 and N =2"=exp (E)

energy per particle £ = Ey/N  critical energy E, = 85 MeV

number of particles at shower maximum | (EO)
n

EO Ee
Nmaa; = 2" = — -
Ee In 2

NnNe =

J. Matthews, Astrop. Phys. 22 (2005) 387 JRH, Mod. Phys. Lett. A 22 (2007) 1533
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A Matthews Heitler Model — Electromagnetic
Cascades
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A Matthews Heitler Model — Hadronic Cascades

hadronic interaction t+A 2 7I° + t+ + T

interaction length Am-ar~120 g/cm?

- hadronic interaction

- decay

,critical energy” E_~20 GeV

J. Matthews, Astrop. Phys. 22 (2005) 387

in each interaction 3/2N,, particles: N, w+-and 2N, «n®0 N, ~10
FEy

after ninteractions N = (Nep)" Er= 3 7
(3 Nen)

after n_ interactions E_=E Ne = ™ % N =0.851g b

&

superposition model
particle (E,,A) > A proton showers with energy E /A JRH, Mod. Phys. Lett. A 22 (2007) 1533
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A Matthews Heitler Model - N and N,

Number of muons at shower maximum

2] E
C —
S .8l
e10"
S JF Ny = Nz = (Nen)"
810 §E Ey
5106;_ InN, =n.InNg, = Bln o
= c
105% B 0.90
= Eo 1-8 4 0.10 Lo '
4 e ~ 1.7 - . : S
10 Eg) A 1.7-10%- A TPV
] ||||||_|_| | I||||||| | |||||||| | ||||||_|] N1 ———niii

5 6 7 8 9 1
i0 10 10 10 10 10

Energy E, [GeV]

0

> .
2 Number of electrons at shower maximum
0
S g0'g Eewm _ Eo—NJET _ ( Eo )5‘1
N %1010 ;E Ey Ey 14EéT
_E £10° ;g

‘5108 L 1.046

- N, = Zem 6105 40016 [ _Z0_

S5 — Y

2 z10 g c gE¢ 1 PeV
= 108 P

z = Fe

= 10°

; ELM | ||||||_|J | ||||||I| | ||||||I| ] ||||||,|] | ||||||_|] L

= 5 6 7 8 9 10 JRH, Mod. Phys. Lett. A 22 (2007) 1533
- 10° 100 10" 10° 10 10

Energy E, [GeV] Jorg R. Hérandel, APP 201920 14



A Matthews Heitler Model = N  vs. N,
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A Heitler Model

J. Matthews, Astrop. Phys. 22 (2005) 387
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A Matthews Heitler Model — mass resolution in EAS

measurements
depth of shower typical expected mass
maximum uncertainty resolution
er?lax = anax_X()lnA AXmax ~ 20 g/CHlQ

radiation length X,=36.7 g/cm?2

electron-muon ratio
Ig(Ne/Ny) = C —0.0651n 4.

*4 to 5 mass groups

Ne
ASE ~ 16% — 20% p, He, CNO, (Si), Fe

i

JRH, Mod. Phys. Lett. A 22 (2007) 1533
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16.3 Muons in air showers

Solution of the cascade equation 5.1 for EM particles was discussed in the previous
chapter. Solvmg for single hadronic cascades is also possible by a combination of
numerical integration and analytlc expresswhs " c. g[i‘ -5 14]) "However
teomplext of hadronic llpartll productlon and the needmeat particle

deays does ntallw the d‘rltlono compact'analytlc expressmns fo hadronic

showrs' 1t mcresmcomptmgpowr athandlt has bcm hendardto

alculate ro shr nuéll n to pa mt1 -rults 1f
We will refer to the cascade equation framework in this chapter to illustrate some
features of showers, while referring to results of full simulations as needed.
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One-dimensional hybrid approach to extensive air shower simulation

2.2. Hadronic cascade equations

The backbone of a hadron-initiated extensive air shower
is the hadronic cascade which develops via particle propa-
gation, decay, and interaction with air nuclei of both the
initial particle and of produced secondary hadrons. The
corresponding integro-differential equations are given by
[ ] (see also [13])

(ol

where h,(E, X)|r are the differential energy spectra of
hadrons of type a with energy E at depth position X along
a given straight line trajectory 7T (in the following the 7-
symbol will be omitted), f."(E) = —dE,/dX is the ioniza-
tion energy loss of particle a per depth unit. A muon is
treated like a hadron, but without interaction term.

Astroparticle

www.elsevier.com/locate/astropart

The first term in the r.h.s. of Eq. (1) represents the
decrease of hadron number due to interactions with air

dX:_Tav (2)

1 3 a-air
with the corresponding mean free path 1, = m,/c%3",
where my;; is the average mass of air molecules and ¢@"
1s the hadron ag-air nucleus inelastic cross section.

The second term describes particle decay, with the decay

rate on a path dL being B

dn, — —i, 4L (3)

7.0’

where 7, is the life time of hadron a in the lab system,
related to the proper life time ¥ by 7, = 19E/m,, with
m, being the hadron mass and ¢ the velocity of light. From
the definition of slant depth (28) follows

x| i “

The third term in Eq. (1) takes into account particle ion-
ization energy losses and the integral term in Eq. (1) repre-
sents the pro%uetic)n of particles of type « in interactions
and decays of higher energy parents of tym
W, L E), D, (E' E) being the corresponding inclusive
spectra of secondaries.

Finally, the so-called source term S™(E, X) defines the
initial conditions and is Muring the MC simula-
tion of above-threshold particle cascading. It consists of

contributions of all sub-threshold hadrons produced at
that stage

had
Nsource

Shad(g x) = sMCE-had(p ) = Z 85 0(E — E1)o(X — X))

(5)

with d,, E;, X, being type, energy, and depth position of the
source particles.



Available online at www.sciencedirect.com

Astroparticle

"=, ScienceDirect topa
ysics

e ¥ s R
ELSEVIER Astroparticle Physics 26 (2007) 420432

www.elsevier.com/locate/astropart

One-dimensional hybrid approach to extensive air shower simulation

- 7000 ) pat E=10'° eV and 0°
B 16 0 - 500 g/cm
7000 - pat E=10 " eV and 0 »§0000 P,
- = BN e CE 40 bin/dec, 2 g/cm?
i R <$H000 = ) _
B J TN = !
6000 - PN S 107010 S CE 20 bin/dec, 10 g/cm?
i J 4 A% - LY . 2
Z . ';;{/./ S "&23 3000F &%‘ ----- CE 20 bin/dec, 50 g/cm2
2 — ; { R\ o=, - % s+ CE 10 bin/dec, 50 g/cm
3 000r picgss/ % = 2000 ™
) - ] -
= B 1000
& 4000 -
+l;’ : 0_ 1 Lol 1 L1111
qa | L
= 30001 3500 500 g/em?® .
el - - /;' o= 0~. ‘\
g - L B000}- Py Y
L gy | 04 AYy
Z | E 'rf”:I/ }\‘&
2000} 00— 4 Y
i 3 i i R
3 220001 Jf
- T . 2 3 o L ;./ 3 ‘
10001 'f”l ’{; ----- CE 20 bin/dec, 10 g/cm m 1500 _’g’:;. ’s%
T CE 20 bin/dec, 50 g/cm? o .
L s 7 . 2 1000 F- X
ﬁ,’f s CE 10 bin/dec, 50 g/cm L
0F 500 |~
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 0_ 1 1 IIIIII| 1 1 IIIIII| 1 |
200 400 600 800 1000 1 10 107
Depth (g/cm?) Energy (GeV)

Fig. 1. Average hadronic shower size profiles (left panel) and energy spectra at X = 500 g/cm? (right panel) of nucleons and charged pions for proton-
initiated vertical (6 = 0°) showers of 10'®eV. Compared are the results of solving numerically the system of cascade equations (CE) with different
discretization bin sizes in energy and depth.
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Because the inclusive production functions (Eq. 5.4) to a good approximation
depend only on the ratio of Eecondary/ Ebeam 10 the forward fragmentation region,
1ld of high-energy, tablesecony hadrons from a single primary proton can

also be ‘xpectoscae other words, e ct 'th dleélonless cbmbmatnon

to satisfy

e

(16.6)

where Y (E;, Ey) is the dlfferentlal yleld of secondarles of energy E; from a pri-
mary proton of energy Ey. Here F; is integrated over slant depth as compared to
Eq. 15.4.

The result of Eq 16.6 can be used to get the form of the yleld of high-energy
muons in single air showers. Theappoxmatlon 1llappl ly fou-oenegy
high enough so that decay of the parent mesons can be neglected in constructing
Eq. 16.6. In practice this means TeV and higher (E,, > €x/cos#). From Eq. 5.61,
we see that the probability of pion decay at a typical slant depth i1s proportional
to €x/(Ex cos8). (We illustrate here by considering only the contribution due to
decay of charged pions. The kaon contribution has the same form.)

Joérg R. Hérandel, APP 2019/20
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The function Fj;(E;, E;) in Eq. 5.1 is the dimensionless partlcle yield that fol-
lows from the 1nclusw Cross section (1ntegrated OVer transverse momentum) for
a particle of energy E; to collide with an air nucleus and produce an outgoing

particle i with energy E < E In general we deﬁne

(5.4)

where dn; i1s the number of particles of type i produced on average in the energy
bin dE; around E; per collision of an incident particle of type j. All quantities
in Eq. 5.4 are defined in the lab system. The relation to center-of-mass quantities
can be derived from the definitions in Table 4.1. From Eq. 4.15 it follows that for
energetic secondaries, 1.e. those with E. » my .

E./E, = x; ~ x™. (5.5)

(We always define CMS as a projectile on a target nucleon even when that nucleon
is bound in a nucleus, because nuclear blndlng energies will usually be much lower
than energies of interest in cosmic ray problems we consider.)

Joérg R. Hérandel, APP 2019/20
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The differential

thedren‘pl‘n 1eld with the 1émat1c factor for 7+ — v,

€x

Y(Ex, E))dE;, | (16.7)

)E cos

where the kmematlc 11m1ts are as mEq 6. 18 Rewrltmg the equatlon in terms of
the scaling variables &; = E;/Eyand §, = E,/E,, we get

= EnF (&), (16.8)

where

Sulta 2) d&,
P - [T

e, 1—rr &

Typlca]ly, we want the number of muons above an energy sufﬁaent to reach a deep

ergOund detecto Thltgrale-l()S leads to |

(16.9)

Jorg R. Hérandel, APP 2019/20
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The same argument that leads to the scaling form for the yield of high-energy
hadrons in a shower leads to a scaling

ap rox1mat10n for the number of hadromc

interactions in the shower. Such an approx1mat10n is

(16.10)

where 7 = E/E is the energy of the interaction scaled to the primary energy.
The first two terms represent interactions of nucleons, the §-function for the initial
interaction and the 1/z term for subsequent interactions of nucleons assuming a flat
distribution in fractional momentum for the reaction N + air — N + X. The last
term is due to interactions of mesons.

A check on energy conservation is useful to verify that formula 16.10, though

rudimentary, is at least reasonable. Let -([ ") and K ) represent the fraction of

the mteract10n energy that goes 1nto e'ectromagnelccomponentn ‘c01-

where the sum is over two kinds of interactions, i = N and i = 7 ~. Roughly,
expect half the energ

of nucleon 1nteract10ns to. 01nto pions, of Wthh ap rox-

1mately 1/3 is in neutral plons SO K a1 /6 For pion- -induced interactions the
corresponding number should be ‘soewatess than 1/3. (If all outgoing particles
were pions that shared equally in the energy, the number would be exactly 1/3;
however, there is a tendency for the fastest produced pion to carry the charge of
the pion that initiates the collision.) Energy conservation is satisfied by Eq. 16.11

if K ~ 1/6 and kY ~ 0.28.

Joérg R. Hérandel, APP 2019/20
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Assuming that most of the hadronic interactions ar,ehe} pions, the last term
in Eq. 16.10 is equivalent to F(Er) = 0.77(1 — &) (&) 078 . Substitution of this
form into Eqs. 16.8 and 16.9 leads to the result

0.78
G(E,) (ﬂ> (16.12)

0 0145 TeV 1 i
E, cos6 " '

' (Nu(> Eu)) ~ Ax

Here A is the mass of the parent nucleus, and the superposition approximation has
been used, as explained in the next section.
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The same starting point (Eq. 16.10) can also be used to obtain an approxima-
tion for the rbulkof low -€Nergy muons in alr showers at the surfae For a 51mple

estlmate' ‘assume that all 'hrgéd pll’l‘lth Ex < €x dcy and all hi gher-energy
charged pions interact. The spectrum of low-energy charged pions produced in the
shower is then

o Z 0‘Fl+ H‘ ’dn,dE | (16 14)

;dE*{ E}r dz EO

where x; = Eq/Eand FnlS the mcluswe Cross SCCthIl for z — 7T as defined in
Eq. 5.4 | Changing Varlables 1ves | ' e

(16.15)

For E; < €, the 1ntegral can be approxnmated by evaluatmg the inclusive cross
section at a small value of its argument where it 1s nearly constant. Furthermore,
for Ey » €; &~ 115 GeV, the integral is dominated by its most divergent term, so

(16.16)

Jorg R. Hérandel, APP 2019/20
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For E,; < €, the integral can be approximated by evaluating the inclusive cross
section at a small value of its argument where it is nearly constant. Furthermore,
for Ey » €, ~ 115 GeV, the integral is dominated by its most divergent term, so

dN., l Eo\ 078

where we have kept only the dominant meson interactions. The estimate for the

mm

total number of muons with E > 1 GeV i1n a nucleon-initiated shower, assuming

one"muon'pr plon '1 obtam by mteratmg Eq 16 16 up to Ex ~ 67

A 16.17)
The numerical estimate comes from estimating
dn, dn dn, dn
F + - E — ~ ~ ~
e dE dlnE o d) - dpy
: For comparlson the Akeno experlment [5 19] ﬁnds i
11 (Eg/er)"®. | (16.18)

N, (> 1GeV) ~
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Test of interaction models up to 40 PeV by studying
hadronic cores of EAS

(The KASCADE Collabpration) ‘
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Figure 1. The mean primary energy for the interval of observed electron number N, (left) and
truncated muon numbers N;f (right). Results of simulations for protons and iron nuclei using
the indicated high-energy interaction models are shown. The low-energy interactions have been
treated by GHEISHA 2002. The lines are five parameter fits to guide the eyes.
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164 Nuclel and the superposmon model

Wlth the bmdmg energy of ~ 5MeV per nucleon bemg much smalle than he

Ne(?n nnx(EO) A- N:m m'IX(Eh/EC)

~ Nem,max(EO) ‘
XnAnx(E ) = Xmax(EO/A) |

e ()~ (g) |

From the first lme of this equatlon we see that if the fractlon of energy transferred
to the EM shower component were independent of energy there would be no mass

(16.19)

dependence of the number of charged particles at shower maximum. In contrast,
from the second and third lines, we expect that the depth of maximum and the num-
ber of muons both depend on the mass of the primary particle. (Compare Eqs. 16.3

and 16 5.) Theheav1er the shower-initiating artlcle the MOre Muons are ex pected
forag r1r 'ner‘ andthe shlloer‘ t d th of x1um Io showers
ctm but "40% more muons than prtnshwes of the sae energ an each
thll‘ ax1mum 80 — 100 g/m 1ger1 ‘the amosphere '
" One of the 1mortant' asectsof the serp01t10nodl is the fact that, averaged
over many showers, the distribution of nucleon interaction points in the atmosphere
coincides with that of more realistic calculations accounting for nucleus interac-
tions and breakup into remnant nuclei [520]. Therefore it is not surprising that the
superposition model gives a good description of many features of air showers if
inclusive observables are concerned such as the mean depth of shower maximum
and the number of muons. However, it is not applicable to observables related to

correlations or higher order moments [521, 522].
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In the superposmon approx1atlon according to Eq. 16.19, the relation between
primary nery and number of cles at the position of maximum shower devel-
opment (X . ) 1s independent of the mass of the primary nucleus, but the position
of X max depends on primary mass as

(16.20)

This equation is a version of the elongation rate theorem to be discussed in the next
section. It has the implication that showers generated by heavy primaries develop
more rapidly on average (i.e. higher in the atmosphere) than proton showers of the
same total energy. On the other hand the effect is only logarlthlc SO ltlS clear

able to lStllSh am grps onc1e1 W1th qu1te different masses. In race

even this has oved difficult. Another 1mportatdlstng1h1’ feature of showers
generated by heavy nuclel is that fluctuations in their longitudinal development are

smaller than those of light nuclei. This is simply because each nucleus is a beam
of many incident nucleons.

Jorg R. Horandel, APP 2019/20 33



In reallty what happens whn heay ncleus enters theatmosphere is that it

"'_o In thtmosf thlllsttclen‘ﬁr‘t‘mtt The
procedure is complicated and very approx1mate but it serves to give an indication
of the reliability of the superposition model. One complication with the analysis is
that a subset of the interactions that correspond with interactions on the light nuclel
in the emulsion must be selected since the atmosphere consists almost entirely of
light nuclei. Another is that there may be a selection bias for events with higher
multiplicity. As a consequence, the estimate of the number of nucleons that interact
to produce pions may be somewhat overestimated. Figure 16.3 shows the 1str1bu-

points of first interaction for the uerosu»n 01 ’ ' tht
inferred from the data. The distributions become steeper at hlgher energy because
of the increase with energy of the nucleon cross section.

tion of

Joérg R. Hérandel, APP 2019/20
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Figure 16.3 Distribution of poil : racti
Histograms: inferred from data in photographic emulsion.

model. (From Ref. [523])
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The general idea of reducmg a nucleus-nucleus collision toa series of nucleon-
nucleon collisions is called the * woundd nuclen E plCtllI‘ A simplified version
can be constructed diretlyfrom the impact parameter representation for the total
inelastic cross section from Eq. 4.85. For a proton—nucleus interaction, the total
inelastic cross section can be developed as a sum of partial cross sections for
exactly N wounded nucleons, see Eqs. 4.83 and 4.85,

where

The first term is the number of wounded nucleons in the projectile and the second
the number of wounded nucleons in the target. This simple geometrical result pre-
dicts that a somewhat larger fraction of the freed nucleons interact to produce pions
than the analysis of emulsion data described above.

ndel, APP 2019/20 36
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Cons1der1ng hadron—nucleu,s _1nteractlons an approximate and much simpler

(4.83)

{oi - [ dzb{l expl-oll T(5)]). |

which is the extension of (4.72) to nuclear targets Here 0/'4 is the inelastic cross

ne

section for hadron—nucleus scattering and ortot is the corresponding total hadron—
nucleon cross section. The function 7 (b) is the number density of target nucleons
of the nucleus at impact parameter b, folded with the impact parameter profile of

the amplitude for hadron—nucleon scattering (see Eq. 4.67)

Jorg R. Hérandel, APP 2019/20
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T(b) = JpN (;:) Ahp(l; - I;N) dz dsz, (484)

where py is the number density of nucleons at distance r = 4 /b3, + z2 from the

center of the nucleus. The production cross section o4

arod is given by an expression
very similar to (4.83) [175]

Ohod = szb{l — exp[—anr T (b)]}. (4.85)

Two limits follow directly from (4.85). If orme T (b) is very small then there is no
“shadowing”, and

me mne

AR J o’ T(b) d*b = Aot (4.86)

In the opposite limit of complete screening (orme T (b) very large) the integrand of
(4.85) 1s approximately unlty out to an effectlve nuclear radius R4, so

(4.87)

In the range of beam momentum 20 — 50 GeV/c, the A-dependence of alﬁe for
A > 1 can be approximated by (see [176])



16.5 Elongatlon rate theorem

The elongation rate describes the change of the depth of the shower maximum per

decade m energy [‘375 526] and IS deﬁned as

' DIO _ d<Xmax>

(16.21)

d log10 ‘.

It 1s closely related to possible changes of the cosmic ray composition and also
depends on the overall characteristics of hadronic interactions at high energy.

From Eq. 15.29 and the fact that the radiation length in air is 37 g/cm®, it fol-
lows that the eloﬁgatlon rate of electromagnetlc Vshower'sqls Dem = ln( 10) '>< Xy ~
85 g/cm in the energy range in which the LPM effect can be neglected. Assum- |
ing that hadronic interactions satisfy Feynman scaling with energy-independent
cross sections, the relative energy splitting in the hadronic skeleton of the shower
is independent of the primary energy (i.e. it scales with energy). As a consequence,
and since the electromagnetic component is dominated by the earliest (i.e. most
energetic) generations of hadronic interactions, the elongation rate of the hadronic

shower 1s also Djy' in the presence of Feynman scaling.
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Validity of Scaling to 1020 eV and High-Energy Cosmic-Ray Composition
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1t is shown that evidence on cosmic-ray showers of energy 3X 10'% to 10%° eV indicates
that scaling in the fragmentation region is valid up to the highest energies if (and only if)
hadron-air inelastic cross sections continue to rise in the manner observed at lower ener-
gies. It is also shown, with use of additional air-shower evidence, that {ln A7, the log-
arithmic mean primary mass number, changes from (4% 2) at 1.6X 10 eV to (039 at

and above 3x10% ¢V,

" We discuss the data on X . in terms of Do, the |
§ so-called “elongation ratez” equal by definition

|to dX, /dInE. X, is averaged over fluctuations
i in shower development, and in case of mixed |
| primai‘y composition over the equal-energy massj
{ spectrum. For numerical results we use “ER _ |

|/7T
800' ///’/ Ld
L
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FIG. 1. X,(g cm™? as a function of energy. The points
above 10!% eV are identified in Table I. Point P, see
text and Ref. 14. Point A, see text and Ref. 16. Deriva-
tion of the solid and dotted lines is described in the text.



The approximation 15.28 is plotted in Figure 15.2 to illustrate how showers
evolve over a wide range of primary energy. Shower maximum occurs for s = 1.
Therefore from Eq. 15.20 with n = 0,

| Xy = XoTmax = XoIn (E—‘)) | (15.29)
and S | Pe—
em 0.31 E En(GeV
N’ = "~ 10 ( L )>~ (15.30)
\/ln(EO/Ec) E(‘ 10

Analogous relations for charged particles in hadron-induced showers will be

discussed in the following chapter.
Figure 15.2 shows how Eq. 15.28 for electromagnetic cascades evolves over a

wide range of primary photon energy. Similar relations among shower age, depth of
maximum and size at maximum can be applied in the analysis of showers initiated
by primary cosmic rays.
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To obtain a more quantitative estimate we consider the depth of maximum of a

proton shower hlep01mtb that of the EM subshowers produced by

the secondaries of therst 1nterat, see . 1 6. -
Xmax (E)) = (X (E/(n))) + Aint | (16.22)

where (n) is related tothemultilicityof crivsiev igh-energy hadronic

interactions in the cascade. From Eq 16 22 follows

Xhad' L dl P ‘ T
«,. < max( )> — In n<n> + int | (16.23)
dlogE dlnE dlogE
namely A —
D" < 1n(10)Xo(1 — B, — B;), (16.24)
with

dl A.ln dl A.ln j‘{
g - 4w p AmdIndin (16.25)
din £ Xo dIn E |

For example, for a mpli d eets B, = § in the
approximation that all secondaries have the same energy.
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A Heitler Model

J. Matthews, Astrop. Phys. 22 (2005) 387
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Averagmg over showers with anener -mdeendent mass comp osntlonof pri

(16.26)
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16.6 Shower umversallty and cross section measurement

By the 1980s Hillas had already pointed out that electromagnetic showers exhibit
umversallty features [527]. The predlctlo o casce theofor te mean lnltu-

(16.27)

,, 1 + 2 X max /X |

each individual shower proﬁle can be consndered as functlon of this age parameter.
As simulations show, the normalized shower profiles are reasonably well described
by a single universal profile, independent of primary energy and even of the mass
composition [528, 529]. The origin of this universality lies in the nature of the cas-
cade process for large particle numbers and is related to particle multiplication and
absorption reaching an equilibrium at shower maximum, washing out any initial
fluctuations [530]. For hlgh -energy showers (E 2 107 eV), essentlally all relevant
quantmes of showeparu es such as enegy angle and time distributions can be

ametrlzed as functions of shoer agean' lateral 1tanescaledby the Molicre

unit [504, 531]. Such parametrizations are particularly useful for estimating the

Cherenkov light contribution [532] to the shower signal measured with fluores-
cence telescopes. Very powerful shower reconstruction methods can be developed
by employing universality features to obtain an effective multivariate analysis of
all observables [533].
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Umversallty of electron p051tron dlstrlbutlons in extenswe air showers

S. Lafebre **, R. Engelb H Falckeac] Horandela T. Huege®, J. I(uupers R Ulrlchb

3. Longitudinal description

There are several ways to describe the longitudinal evolution of

an air shower.
Slant depth X measures the amount of matter an air shower has

traversed in the atmosphere, in g/cm?.
Relative evolution stage is defined here in terms of the depth rel-
ative to the slant deptﬁ %max, where the number of particles in the

air shower reaches its maximum

with ‘ ~ 36. g/cm2 being the radiation length of electrons in air.
Becus the shower max1murn always lles at t= O descrlbmg ul—

- e 1s defined here so that s = O at the top of the atmo-
spﬁere s=1at the shower maximum, and s = 3 at infinite depth
T3t Xna/Xo | 2)
X+ 2XmaX ,t/3 7+XmaX/X0‘Z ;

The concept of shower age arises naturally from cascade theory in
purely electromagnetic showers [3,27]. Jorg R. Horandel, APP 2019/20 46
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Fig. 2. Average energy distribution for different evolution stages t = —6,0,6 for
electrons (marked e~), positrons (e*), and their sum (e*). Background curves
represent simulated distributions for different primaries (p, Fe, and y) and energies
(10'7,10"™ and 10" eV). The corresponding parameterized distributions from (6)

are plotted on top (dashed).

4. Energy spectrum

From cascade theory, the energy spectrum of electrons and pos-
itrons as a function of shower age takes an analytical form as
derived by Rossi and Greisen [3]; a thorough previous study of this
parameterization was done by Nerling et al. [10]. Loosely translat-
ing this description in terms of t, we replace the equation by

AO en

where € is the energy of a given secondary particle in the shower,
and €;, depend on t. We have performed a fit to this function for
electrons, positrons and their sum, indirectly providing a descrip-
tion of the negative charge excess of extensive air showers as a
function of evolution stage and secondary energy. In these fits the
exponent ), was fixed at y, = 2 for positrons and y, =1 for both
electrons and the total number of particles. The parameters for all
three cases are explained in Appendix A.1.

S. Lafebre et al. /Astroparticle Physics 31 (2009) 243-254



5. Anglar sgectrum

The angular dlstrlbutlon of partlcles 1s anlmportant factor for
obseat10nsw1t ‘Ch V-and radio te )PES. For
radio detection an antenna needs to beplaced cloe to the shower
impact position, because geosynchrotron radiation is beamed in a
very narrow cone in the direction of propagation [33]. As far as
the particle distributions are concerned, the size of the patch that
is illuminated on the ground then depends on the lateral distribu-
tion of the particles (cf. Section 7) and the angle with respect to the
shower axis at which they propagate. Likewise, for Cherenkov
observations the angle at which photons are emitted is a convolu-
tion of the density-dependent Cherenkov angle, which is of the or-

S. Lafebre et al. / Astroparticle Physics 31 (2009) 243-254

der of ~ 1°, and the angular distribution of the particles that emit oo e oo R
them.
10°
~ 10
c
0
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| To compensate for the increase in solid angle with rising 0, the dis- 1073 - =0 ‘%‘i\
tribution of vertical momentum angles plotted here is defined in B \
terms of Q as =3 “i\
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0.1° 1° 10°

Fig. 4. Normalized average distributions n(t;Ine€, Q) for different shower stages,
averaged over 20 proton-initiated showers at 10'®eV.



mrSIt tes

ctotrallows us to |

parameterize this

to describe the distribution. Values for o; and b;, which envelop the
dependence on ¢, are chosen such that the first term describes the
flatter portion of the angular distribution parallel to the shower axis
and the second represents the steep drop. The value of ¢ determines
the smoothness of the transition from the flat region to the steep re-

gion. Best fit values for o, b;, and «; are given in Append 10" —— — ——
L N ]
B
L= ¢\G
10° |-
S 10'L
. -
= L
=) L
I 2
X 107 -
= -
107 |
r ——— Simulations
S Parameterization
10‘4 | 1 1 ool 1 1
0.1° 1o 10°

Fig. 5. Normalized average electron distributions n(t = O;lne, Q) (solid) for 20
proton showers at 10'® eV with 3¢ statistical error margins (filled area). For each
energy, corresponding parameterizations according to (8) are also drawn (dashed).
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7. Lateral distribution S. Lafebre et al. /Astroparticle Physics 31 (2009) 243-254

The lateral spread of particles in an air shower is of direct rele-

vancesmce 1tis ti eprlary means'o otalnmg 1n ormatlon aout

roun
partlcledensmesat different latel'dlstaces By integrating > the
measured distribution or using the particle density at a given dis-
tance, an estimate for the primary energy can be made. Exact
knowledge of the lateral distribution shape is therefore crucial to
accurately determine the shape of the cosmic-ray energy
spectrum.

When looking at the lateral distribution of electron and posi-
trons in terms of the lateral distance r from the shower axis, a very

poor level of universality is encountered. Thls is malnly due to dlf— - T I Mey
ferences in atmosherlc density at the 1021 ]
\ com ff s by ing the ateral i .
et ol ;
€= 30 MeV
10° L

(11) € =170 MeV

where pA(h) is the atmospherlc density as a function of height h. For
different values of €, the normalized lateral particle distribution at
t = 0 is shown in Fig. 9 as a function of distance for 20 individual
proton showers. In this figure, all curves line up as the compensa-
tion for density is applied. Note that the physical density N(t;r), ex-
pressed in particles per unit area, is proportional to N(t;Inx)/x?:

n(t=0;1ne¢ In x)

and decreases strictly with distance from the shower axis. As ex- Fig. 9. Electron distributions n(t = 0;In¢€,Inx) for different electron energies as a
pected partlc]es with h]gher energles tend to remain closer to the functlon of distance to the shower axis for 20 individual showers initiated by
shower axis. This agrees with the observation that the angle of their 10" eV protons. The curve set for 1GeV is at the actual level; consecutive sets are

e shifted up by a factor of 10.
momentum to the shower axis is smaller.



S. Lafebre et al. /Astroparticle Physics 31 (2009) 243-254 There is no statistically relevant dependence of the lateral dis-
tribution on zenith angle of incidence, nor does it change when
electrons or positrons are considered separately, except at energies
€ < 10MeV. There is, however, a significant effect with shower
stage as shown in Fig. 10: older s oW’ers‘te’n' to be wider at the

same secondary energy. lherefore, uniike in the case of angular
distributions, in any parameterlzatlon of the lateral distribution a

103 . _ . _ . _ . ~dependence on t must be incorporated. There is also a minor effect
e~ 1 MeVl of the energy of the primary on the distribution, but this is only
5 F ol appreciable for secondary energies of € > 1GeV.
10 - - T L C :

n(t;In ¢, In x)

mm density only occurs at high energles and at some dis-
tance, implying that the total electron density in the region of sen-
sitivity would be very small. Additionally, the effect does not
appear at the same distance for different electron energies. This
makes the feature less pronounced when an integrated energy
spectrum is measured.

10?

Fig. 10. Average distributions n(t;Ine€,Inx) for different shower stages, averaged
over 20 proton-initiated showers at 10'®eV, clearly showing dependence on t.
Again, consecutive sets are shifted up by a factor of 10.



S. Lafebre et al. / Astroparticle Physics 31 (2009) 243-254

rlonall _the integral lateral electron distribution is de-
scribed by an pprox1at10n of the Vanlytlcalcalculatlo f the lat-
eral dlstrlbutlon in electromagnetlc cascades the lehlmura—
Kamata- Grelsen (NKG) functlon [36,37]. The mtegral lateral distri-

bution for our simulated set of showers n(t; Inx) o X° Pk IS repro-
duced well by a parameterization of this form, provided that we

allow the parameters to be varied somewhat. Let us define
n(t; Inx) = Cox0 (x; + x)"! (13)

as parameterization. In the original definition, described in terms of
shower age s, we have {, = s, Cl =s—4.5,and X = 1. Our 51mulated
lateral spectra closely follow the values ¢, = 0.0238¢ + 1.069, ¢, =
0.0238t — 2.918, and x; = 0.430 to an 'excellt level for 10 <
x < 10




proton-air cross section

One application of shower universality is the measurement of the proton—alr

Cross section with air showers. Th depthof he ﬁrst‘nteractlonomtof a ‘shower

is eXponentlally dlstrlbuted -

(16.28)

where )\,m is the 1nteract10n length which is related to the particle production cross
section pr;,d (see Eq. 4.82) by Aipt = (Myir)/Oprog- It is, however, impossible to
measure the early, low-multiplicity part of the shower development well enough
to infer X directly. Auxiliary quantities such as the depth of shower maximum,
X max, have to be used drl\‘felnfrhalonont ‘rst nterctln‘pntlnd
the distribution of 5(;:; 1s approx1mately exponentlal as expected from (16.28). The
slope of this distribution, A, has to be converted to Aj, with detailed shower and
detector simulations due to the importance of fluctuations. Simulations indicate
that ~ 50% of the size of the shower-to-shower fluctuations of X ., of proton
showers are due to the fluctuations of the first interaction point, for which we have

RMS(X1) = Aint.

Jorg R. Hérandel, APP 2019/20
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A -7

In addition to the need for correcting for shower-to-shower fluctuations, cross

primary mass cornp01t1 Typlcll showers with " ep X nax are selected
suppress the contamination by heavier primaries.

A compilation of p-air cross section measurements is shown in Figure 16.4. The
low-energy data are from experiments measuring the attenuation of the hadron flux
in the atmosphere and the high-energy results are based on air shower measure-
ments in combination with universality assumptions; see [535] for an overview of

the different measurement methods, where also the references to the original work
are given.

Jorg R. Hérandel, APP 2019/20

section measurements are also SUbJCCt to uncertamtles’arlslng fromrthe unknown
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Figure 16.4 Proton—air cross section measured with cosmic ray experiments. The
data are compared to predictions of hadronic interaction models. From Ref. [534],
where also the references to the data and models are given.
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Measurement of the Proton-Air Cross Section at \/s = 57 TeV
with the Pierre Auger Observatory

() 4

; with the average energy of these events being '
eV. The differential energy distribution !
¢ for these events follows a power law with index —1.9. |

A, = 55.8 + 2.3(stat) = L6(syst)] g/em?,

The average energy corresponds to a center-of-mass }
. energy of /s =57 %= 0.3(stat) TeV in proton-proton |

- ity A,=55.8+2.3 g/lcm’
U R
10 - #
B B t |
= | H 1 1018.24i0.005(stat)
E =
s | i
; ! :
£ 1= - collisions.
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FIG. 1 (color online). Unbinned likelihood fit to obtain A,
(thick line). The X, distribution 1s unbiased by the fiducial
geometry selection applied in the range of the fit.



Determination of the cross section.—The determination
of the proto ~air cross section for particle production
requires the use of air-shower simulations, which inher-
ently introduces some dependence on mdl assumptions.
We emulate the measurement of A with Monte Carlo
simulations to derive predictions of the slope, AMC It 1s

kown from peV1os ork that the Values f AC ar
directly linked to the hadronic cross sections used in the
snnulatmns [2]. Accordmgly we can explore the effect
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We present calculations of the type that will be necessary for interpretation of large cosmic-ray

experiments that measure longitudinal profiles of individual showers. A primary goal of such
experiments is to determine both cross section and composition around 1018 eV.

Even without the problem of heavy primaries,
measurement of x,, or xy/4 alone cannot determine an
arbitrarily large proton cross section because of in-
trinsic fluctuations in shower development. The
results of our calculations bear this out, as shown in
Fig. 2. Here we show A,, for proton showers only, as

a function of o ,_,;; at 3 x 10'7 eV. For the atmos-
phere,

24x10* |

¥ Ap-air ‘ ?) =
pe (g/cm) O p-air (mb)

We emphasize that Fig. 2 cannot at present be used
for an accurate determination of o,., from A, be-
cause of the dependence on composition mentioned
above. In addition, possible effects of uncertainties
in the interaction model and of instrumental fluctua-
tions need to be understood.

100~

(g/em?) [
50—

500 1000
Cp-gic ot 3x107 eV (mb)

FIG. 2. A,, Vs 0,_, for proton showers chosen from a
power-law energy spectrum (differential index =2) with
Eo>3x10'7 eV. Error bars show statistical uncertainty
from the simulation result. Since the figure shows proton
showers only, it cannot be used for an accurate determina-

tion of o. See text.
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FIG. 2 (color online).
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compared to other

measurements (see [18-20,30-34]) and model predictions. The
inner error bars are statistical, while the outer include systematic
uncertainties for a helium fraction of 25% and 10 mb for the
systematic uncertainty attributed to the fraction of photons.

TABLE I. Summary of the systematic uncertainties.
Description Impact on agr_oa?r
A, systematics +15 mb
Hadronic interaction models —8+ 19 mb
Energy scale *7 mb
Conversion of A, to o™ +7 mb
Photons, <0.5% <4+ 10 mb
Helium, 10% —12 mb
Helium, 25% —30 mb
Helium, 50% —80 mb
Total (25% helium) —36 mb, +28 mb
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FIG. 3 (color online).
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Correlation of elastic slope parameter,

B, and the inelastic proton-proton cross section in the Glauber
framework. The solid line indicates the parameter combinations

yielding

the observed proton-air production cross section, and

the dotted lines are the statistical uncertainties. The hatched area
corresponds to the predictions by SIBYLL, QGSJET, QGSJETII, and
EPOS. See also Ref. [5].

Comparison with accelerator data.—For the purpose of
making comparisons with accelerator data we calculate the
inelastic and total proton-proton cross sections using the
Glauber model. We use standard Glauber formalism [21],

This Glauber calculation is model- dependent since nei-
ther the parameters nor the physical processes imnvolved are
known accurately at cosmic-ray energies. In particular, this
applies to the elastlc slope parameter, B (deﬁned b
for very small 1), the correlation
crosssec 1on, and the cross section for dif-
fractive dissociation. For the example of aglgl, the correla-
tion of B, with the cross section is shown in Fig. 3 for
A = 0.5. We have used the same four hadronic interaction
models to determine the uncertainty band of the By-o'r¢!

eorrelatlon Recent Cross- sectlon models such as [23] fall
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Measurement of the Proton-Air Cross Section at /s = 57 TeV
with the Pierre Auger Observatory We find that in the Glauber framework the
inelastic cross section is less dependent on model assump-
tions than the fofal cross section. The result for the inelastic
proton-proton cross section is

ol =92 + 7(stat 1(syst) + 7(Glauber)] mb,

and the total proton‘ proton cross sectlon 1s'

T T T — T —
110 — ATLAS 2011 . oy, =[133 = 13(stat)+ M(syst) = 16(G1auber)] mb.
__100 — :S‘[/IIEEZ ggﬁ // 7 The systematlc uncertamtles for the 1nelast1c and total
Qo - J/ -~ y\,‘ cross sections include contributions from the elastic slope
E 90 — - TOTEM 2011 /,/:,\";/' parameter, from A, from the description of the nuclear
= - —¥-UAS /{",/ density profile, and from cross-checking these effects
S 80 —&— CDF/E710 L using QGSIETII [9,24]. For the inelastic case, these three
E = -@- This work (Glauber) X< ' independent contributions are 1, 3, 5, and 4 mb, respec-
= 70 = i tively. For the total cross section, they are 13, 6, 5, and
% - ---- QGSJet01 4 mb. We emphasize that the total theoretical uncertainty
& 60 - e QGSJetll.3 of converting the proton-air to a proton-proton cross
= 50 = — = Sibyll2.1 section may be larger than estimated here within the
6 P - ey Epos1.99 Glauber model.
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FIG. 4 (color online). Comparison of derived a}?ﬁl to model
predictions and accelerator data [29]. Here we also show the
cross sections of two typical high-energy models, PYTHIA6 [35]
and PHOJET [36]. The inner error bars are statistical, while the

outer include systematic uncertainties.



