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Extensive Air Shower

From the experimental
/ point of view, EAS have
/ two different parts:

* The core
distances up to a few m.

* The shower pancake:
distances up 5 km.

wrt shower axis




* The core
* transversal size of a few m
* particle density ~ 10° particles/m?.
* Interation with the atmosphere creates radiation
trhough different mechanisms:
e Radio emission at MHz (Cherenkov & Geosyncrotron)
* Microwaves GHz (Molecular Bremstrahlung)*
* Plasma can also be detected by RADAR
* UV-Cerenkov
* UV-fluorescence.

* The shower pancake:
* transversal size up to ~ 5 km.

* Density varies from less than ~1 particle/m?, to
10° at the core.

* At 1000 m typical density of the order of 10-1000
particles/m?.

These are just orders of magnitude for 101° eV, they depend on
other observation conditions



The atmosphere:
1000 g/cm? to 36000 g/cm?
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Average p-Air interaction,
E,=10%1% eV
Multiplicity distribution EPOS_LHC
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Particle type weighted by their energy

Energy distribution EPOS_LHC
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16(UPy=1"(0)

Mass m = 139.57018 + 0.00035 MeV (S = 1.2)
Mean life 7 = (2.6033 + 0.0005) x 1078 s (S = 1.2)
cr = 7.8045 m

IG(JPC) — 1—(0— +)

Mass m = 134.9766 + 0.0006 MeV (S = 1.1)

m_. — m_o = 4.5936 + 0.0005 MeV

Mean life 7 = (8.52 + 0.18) x 10717 s (S = 1.2)
ct = 25.5 nm
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Question:

e What fraction of Kaons should be included to
contribute to the “hadronic cascade”?

* Have a look to their decay products.



I(JP) = 3(07)

Mass m = 493.677 + 0.016 MeV [&] (S = 2.8)
Mean life 7 = (1.2380 4 0.0020) x 1078 s (S = 1.8)
cr =3.711 m

Results ¢ Mode ¢  Branching ratio ¢
MV leptonic 63.55 £0.11%
o hadronic | 20.66 +0.08%

m o | hadronic 5.59 +0.04%

m no no hadronic 1.761 £0.022%
no e Vg semileptonic | 5.07 £0.04%
no u+ Vy semileptonic | 3.353 +0.034%
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K 1uP) = 3(07)

Mean life 7 = (0.8954 4+ 0.0004) x10~0s (S =1.1) Assum-
ing CPT

Mean life 7 = (0.89564 4 0.00033) x 10710s  Not assuming
CPT
cr = 2.6844 cm  Assuming CPT

Kg DECAY MODES Fraction (I'; /) Confidence level (MéV/c)
Hadronic modes

7070 (30.69+0.05) % 209

to™ (69.20+0.05) % 206
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K? 1(JF) = 3(07)

mKL — mKS
(0.5293 4 0.0009) x 10'° ns=1 (S =1.3) Assuming CPT
— (3.484 4+ 0.006) x 10712 MeV  Assuming CPT
(0.5289 4 0.0010) x 1010 A s~1  Not assuming CPT
Mean life 7 = (5.116 + 0.021) x 1078 s (S =1.1)

ct = 15.34 m
2Cdlie IdLLUf/ P
K?_ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Semileptonic modes

r+eFu, [0o] (40.55 +0.11 ) % S=1.7 229

Called K2;.
mEuFu, [o] (27.04 +0.07 )% S=1.1 216

Called K23.

Hadronic modes, including Charge conjugation xParity Violating (CPV) modes

370 (19.52 +0.12 ) % S=1.6 139
rt = x0 (12.54 +0.05 ) % 133

' IDAFF JIUWET FI1YSIULS 11 |L. LdZull) -



- Air Showers: the o
rimary: .
Hadron eﬂglﬂe l

Muons trace the hadronic shower which
is the backbone of the whole cascade

The bulk of radiated and
. 1° decays are the propellers of the EM
visible energy comes from .
Primary: cascade 16
the EM cascade
Photon
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The different components of the
shower

TABLE I: Approximated amount of signal for each one of the
different components at 38 deg, 10" eV.

component scaling signal

0) Total Signal 38.3 VEM
1) Pure EM EM 15.83 VEM
2) Pure p hadronic 16.6 VEM
3) EM from low-E w0’ hadronic 4.4 VEM
4) p from Photoprod. EM 1.3 VEM
5) EM from p decay ~ hadronic 1.0 VEM

Phys.Rev.Lett. 117 (2016) no.19, 192001
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S/VEM

The different components of the

shower
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PhD Thesis A. Bridgeman
Earlier work by M.Ave et al.



Vissual differences between EM
and hadronic showers

y primary “hadron” primary

Has anybody seen in
detail a hadron shower at
1019 eV?

Figure 2.4: Cherenkov light distribution on ground for a 300 GeV ~-ray shower (left)
and a 1 TeV proton shower (right). The side length is 400 m. The pictures
are taken from Monte Carlo simulations from [17].



The hadronic shower

= /! == 77" @ Hadronic reaction
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Normalized trajectories
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J. Matthews Astropart.Phys.
22 (2005) 387-397

EM cascade

EO
E,/2
E,/2°

E,/2’

E,/2*

rfce =85MeV ¢ ln(Z)
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J. Matthews Astropart.Phys.
22 (2005) 387-397

Hadronic cascade

E, 1
Ntot :Nch +5Nch

()

> The hadronic cascade
N loses energy that goes
into the EM cascade

o>

tot




¢ ~ 20 GeV N_j ~ 10

InN, =InN, =n.InNy, = BIn[E, /L],

ﬂ . ll’l[NCh]

=T BNch} = 0.85.

ISAPP Shower Physics Il (L. Cazon)



The energy flow to the EM channel
varies depending on the ammount of
produced 9

Energy balance

f (Energy Fraction)
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The energy flow to the EM channel
varies depending on the ammount of
produced 9

k=inelasticity. it takes some additional energy from

] & P <= (l—k)E the pions and puts in into a leading baryon
. 2
N, © n < EkE = k=02
£ 09R\\
1 1 £ oo
—N, < 7' < —kE 5 E
2 ¢ 3 g 0.7f
w -
= 0.6
055K
0.4F
E.=(1-1ik)"E 02
Z T ( 3 o 0.2
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Invisible Energy

E, = é(e;NmaX - 5:Nu



Energy balance
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WX)dX =N, E -

EM channel ends up carrying all the
shower energy except a small
remaining fraction fraction called
“Invisible energy”
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Composition scaling

A= UHECR mass number

X inax (A) = /L(ln%—lnffj = Xiax — ArIn A

p
InN,(4)= ln[A[EZKiAJ ]: InN,+(-4)In4

37



Muon Production Distributions



The hadronic shower

= /! == 77" @ Hadronic reaction
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The n* transverse momentum (p,)

in a hadronic collisionp + B - C + X the p,
distribution of pions is

d’N dN t
= oc exp(—21)
d"p, 27p,dp, Q

<p,> =20 ~ tenths of GeV
n* decay into p*. Max p,achievable: 29.8 MeV



The u* transverse momentum (p,)

u* come from n* decay. Max p,achievable: 29.8 MeV

’_1+

at A0,
Vu

C.M. System Lab System

Decay p, / Pions p, ~10%

Muons inherit the
pion p, distribution

41
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Shower axis

Transverse distance of p*
production / m* decay

sinach’

E
[=vcr = b
=7 ”_mﬁcz
rﬁ:lsmazi&ﬂ‘pf
m_ X
7 20
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* The p, slowly increases with number of
iterations

ptﬁQ\/ﬁ

Changes in the p, of first
interaction are hardly
observable (regarding the
ougoing angle/spatial
distributions of muons)

There is a small increase of the distance
of muon production to the shower axis
in every generation



— proton | | 0 i
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Universality of muon distributions
at production



Approximations

e All information (Full MC) d°N

= F(x,p
dzap T &P
* Muon are produced in ;
the shower axis. dN |
dXdE dep, | Ko cPo)!
* Factorization hypothesis ;
(allow easy analytical AN B(X) fo (B3 o)

integrations) dXdE;dp;

.9
" E

* Fixed p,=Q=0.2 GeV

N |3
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dN/dlog cp. (a.u

p,~distributiond

10 E

)
)
[}

1 I 1 1 1 l 1 1 1 l 1 1 1°% 1 I

dN/dlog cp, (a.u
S 2 9

—
<
[6)]

—
<
»

-2 =3 0 1
log 1 0(cpt/GeV)

ISAPP Shower Physics Il (L. Cazon)




10°

- / | B / |

- X =0g/cm? - X =0g/cm?

| proton 60° 101%eV | iron 60° 10'9eV
10*

10%
103 103
102 102

10! 10!

QGSjetll-04 px1.00
— EPOS-LHCx0.67

— EPOS-LHCx0.86

dN/dlog,o(pr/(GeV)) - (N3 /Ny))
dN /dlog,o(pr/(GeV)) - (N /Ny))

10° = — EPOS 1.99x0.81 10° — EPOS 1.99x0.61

- — SIBYLL 2.3cx1.00 — SIBYLL 2.3¢x0.77
o1 L SIBYLL 2.1x1.20 -1k SIBYLL 2.1x0.88

i —  QGSjetll-04x 1.00 - —  QGSjetll-04x0.77

I — QGSjetlI-03x1.08 I —  QGSjetll-03x0.83
1072 i i i 1072 i i i

o)
I
]

Ratio vs. QGS
S
]

o
O
I

|
w

|
)

|
=)
.

ISAPP Shower Physics Il (L. Cazon)



1/N_,, dN/dX

Muon Production Depth
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Muon Production Depth
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dN/dX’

p QGSJETII04

—— average

—— single showers

MPD is well described by a
Gaisser-Hillas

Astropart.Phys. 35 (2012) 821-
827

_500 0 500 1000
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events dN/dlogE at X'=0 g cm™

p QGSJETII04

Energy-
distribution

—— average

—
<
|

—— single showers

ratio
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Muon distributions at ground

* We simply propagate muons following straight lines
* Energy loss (ionisation)
* Decay

* We can apply 2" order corrections due to
* MS
B field



Fluoresence
photons

An image to keep in mind:

Fluorescence photons and are both
emited from the shower axis, following straigth
lines (aproximately).

Fluorescebce Photons are emited isotropically.
are not. (they are boosted forward)

Shower Axis

L. Cazon

Shower Axis
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Energy loss

dE _2
x - a~2 MeV/g cm
1 m of water X = 100 g/CIIl2 AE = (.2 G@V

Atm. depth at O deg X — OOO g/Cm2 AE — 2 G@V
Atm. depth at 60degX — 2000 g/CIIl2 AE — 4 G@V

Atm. depth at 75 degX — 4000 g/cm2 AE p— 8 Gev




Muon Number

m— CORSIKA

. Model All

Model E>2 GeV

. Model E>10 GeV

0 1000 2000 3000 1000 2000 3000 1000 2000 3000
r(m) r(m) r(m)
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Magnetic field effects

The magnetic field bend the trajectories, with a radius of curvature

that depend on the energy of the muon. <
R
E D
R = ¥
ceB,
—-
—u+ d X dx
(V
k'/ It also introduces an extra
time delay, which is caused
no B [ B, by the extra path.
. . . . 1 127
The impact point is shifted perpendiculalrly to the velocity ct, = _B4 - =
and the magentic field: 2z 24R
1 zeB,
5)6 — 7 = OtB We can determine the aproximated zenith

2 p angle range where time model works.
t
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y [km]
e

muon number density [m')

Reconstruction of inclined events

62<0<80 deg

Fit the muon density in stations

-
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o
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Pu=NioPy1o(%, 1)

12:_3:55&...aaaaoaa

wofk ... o'.'q‘ et e where N,, free parameter
8¢ ° . And p,, ;4 (x,y) is fixed, corresponding to
::‘ soee e \ proton QGSJetll-03 at 10*° eV
o % e 2ee o oo
-32 -30 -28 -26 -24 -22 -20 -18 -15x-1[:m] Ratio of the total number of muons N, to

N, 15 (proton QGSJetll-03 at 10*° eV)
sr‘“(n’\lzl Rlu — N,u /N,u,19
Correspondence (<5% bias correction)

- Ny < R,

llllllll

e, et SR UHECR2018, Paris 67

Example of p , ,, for proton showers at 8=80°, ¢#=0"and core at (x,y) = (0,0)



Time Delay




Pions do not accumulate delay
respect to the time reference
shower plane because they
travel along the shower axis.

Muons accumulate delay
because they deviate from the

shower axis.



Kinematic delay
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log(t) (a.u.)
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CORSIKA

Arrival time
distributions
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k=2000 m
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(1)

L. Cazén Auger Europe, Lisbon 11-Oct-2010 72



[2] L. Cazon, R.A. Vazquez, E. Zas,
Astropart.Phys.23:393-409 (2005)

2nd order corrections are also
accounted for:

— t, =t—1t,(r,z)

Trasforming back the experimental
time distributions of each detector we

recover the MPD "



Apparent MPD
depend on the
observation
conditions
(Ethreshold'
distance to
core, zenith
angle)

0.4

.
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dN/dX (a.u.)
o
N

0.1

e Corsikar=125m

v Corsika r=500 m

A Corsika r=2000 m
40 deg JENR —— model

i /! ‘. |--- Corsika h(X)

0 500 1000

X (g cm™)

Auger Europe, Lisbon 11-Oct-2010
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Propagation summary table

Energy at production 5.0 GeV  10.0 GeV
Energy at ground 3.0 GeV 7.8 GeV
Probability of survival 0.67 0.84
Geometric delay 165 ns 165 ns
Kinematic delay 12 ns 2.3 ns
Geomagnetic delay 0.04 ns  0.01 ns
MS time delay 1.5 ns 0.8 ns
Geomagnetic lateral deviation 83 m 17 m

MS lateral smearing ~60m ~35m

Table 1: Summary of the different effects after propa-
gation for a muon produced at z=10 km and arriving
at r=1000 m at 60 deg zenith angle, and geomagnetic
field strengh perpendicular to the shower axis B| =
10 ©T (MS stands for Multiple Scattering).



Muon
Tomography

Image of large
human and
geological structures

(w) uopzeaais

(ewoyB) Aysuaq

Mining, search for
cavities, aquifers,
magma conduits.

Nuclear Screening

Civil engineer
applications

L. Cazon



Fraction of showers

Number of muons at ground

10 T | T T l

F — Epos-LHC proton, 67° ]

» - Sibyll 2.3¢ 1019 eV ]

107" E— QGSjetll-04 E
102:— _ O%VH] ~ (.15

%
10_3 5_ _E
1074 I | | | ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Number of muons at ground N, x 107

ISAPP Shower Physics Il (L. Cazon)



Undersdanding the fluctuations

/107
* |If Poisson statistics 18 — 1073 ~ 0.0003
10
vn.d.f.
nd.f ~ (.15

n.d.f.

 What is the n.d.f. to produce a ~15% fluctuation?
1
n.d.f. ~ ~ 44

0.152



N, = mimaoms...my, m; = —

S(N,) = 6(m1) + 6(ms) + ... +5(my)
5(z) = 70

i

O

o(m;) = ~=
— 1

/L_

Fluctuations are dominated by the first interactions
as the number of participants increase with
generation number and the average stabilizes.



coreelations of Nmu

N,u ( NErod)

EPos-LHC SIBYLL 2.3C QGSJeTII-04
| 0.79 (0.82) 0.76 (0.78) 0.75 (0.78)
Ehad/ E 0.67 (0.66) 0.67 (0.66) 0.53 (0.52)
m 0.15 (0.21) 0.17 (0.22) 0.22 (0.27)
Kinel -0.15 (-0.08) -0.11(-0.07)  —0.04 (0.00)
my [ Mot 0.16 (0.18) 0.12 (0.13) 0.19 (0.18)
X0 0.23 (0.12) 0.21 (0.12) 0.28 (0.19)

€ —-0.01 (-0.08) -0.12(-0.17) -0.09 (-0.14)



wt = E;/Ey  Fnaa=FEo ) 1}

3 HM, MC,
(N“> — an measurement,
CE
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Prob. density

Prob. density

InN, =In(a; +9) +Inw
KXmax = Xq + AX

Inw
15.75 16.00 1625 1650 16.75 17.00
LET I
107E 10 Bev E
pI‘Oton, 670 : 102 E T T T T T |
10° = F — Epos-LHC -— MC
S 10— Sibyll2.3c === average
- . Z E — QGSjetll-04
10! 3 2
”, ] _g E
-2 75'/ 1 = L
10 | 4-"’{{ E 107"
10" E ' -
= Epos-LHC 3 50
100 L= Sibyll2.3¢ N S 0
— QGSjetll-04 0575 1600 1625 1650 1675 17.00
10_1 N ) — lnNu
02 H7\- Phys.Lett. B784 (2018) 68-76

~1.00 —0.75 —050 -025 000 0.5
In(cy + &) Cazon)



* Missmatch on <Nmu> from models comes from
low energy

E
N, = ajazas...o, = Q1 W

=

* A 5% constant deficit along 6 generations can
produce

a1 =095 w=0.95=0.77

* due to accumulation in sucesive generations



* Nmu shape determined by 1t interaction

* First interaction only differs in the low-Nmu tail
* Experimentally accessible
* Even for mixed composition scenarios

| | | | | | |
10* = Sibyll 2.3¢

E 1 = 14.66
103 ;_O'dct =0.20
1111

Events

102

10' E

1 0 | i
0 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5

Log. number of muons Ny
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Inclusive production cross section
p+ Air -+ X
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. . . 210 =
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Longitudinal Shower profile

p-Alr Cross
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Equivalent c.m. energy\is,, [TeV]
1 10

10 10
& & & ERSSS) LR R Y S B "I* LA L . "‘l"'
700_— :\;tv IMWY  TW '4':1.\' .."'
g F e
s eoof—' feesemtor i ) + e p I\/I et h O d
2 - SEYLL2.1 o
=] R
® wo: wimnme SEYLL2AT =12 o
g C e SBYLL2LG,-08 o
s e 18, 24 ° C t t t
§ 400F- 2 : “E=10 ontinuous reparame erization
s [ of cross section in MC
3 300 Ig (E/10%eV)
®)= grovevyionev)
2007 107 10° 10" 10% 10" 107 10® 0%  10%
Energy [eV]
* Simulation of X__ distribution
. max * N, <& 0,4, CONVErSION
» different rescalings n
* different models
10° M Cross-section: +50% at 10™ eV ‘ o —y— p—
‘ "" ,,"."T\.,_ Q"- :_‘\‘ — S Erer -
1N N\ 70k \&is:\ --#— QGEJetl 3
10 l‘. "' g \ .\.-u-\ i;’::: . e gt
| I"I a N\ N\ G// : & - E[JC‘ 196
: ey B N\ “og, E el R
5. . il 2\ \Y S, b '%’
Z '0 || w \.9// - “" //o g . .‘
° | | Ly '\' -~ ] 1
| I w \ Of' \ \‘-. < ' e
| % g, VO 5 NN
10° I\ 5 \% \ 0 | Tt
| &1 > "'.' ) | "f};‘h-._
) e e | R
NPV T PR PO PRSI L \ - Lazon . H ”‘;9)‘“.‘
500 600 700 &OO 90-0 .000 1100 120-3 1300 1400 1500 UHECR2018, Pal 400 700
Oy s [mb]

Xmax [g/cm?]




- 7~ 1078 <E<10" eV - :"’s 10'8< E <105 eV
5 °F :’ A, =607+ 2.1 glem? 5 10 B :’ A, =574+ 1.8 glem?
w o ¢ “‘ E .
5 4 s | +
5 10 t 5 | ¢
E E =
X = + x E
3 r * S f
= B P4 o
s | i s i t
20;) 4(‘)0 ‘ ‘ 6(‘10 — 8(‘)0 — ‘10‘00‘ ‘ ‘12‘00‘ ‘ ‘1400 20;) ‘ ‘4(‘10 = ‘6(‘)0 — 8(‘)0 — ‘10‘00‘ ‘ ‘12‘00‘ ‘ ‘1400
Xmax [9/cm?] Xmax  [9/cm?]
80 "= EPOS-LHC 80 & EPOS-LHC
- =¥ QGSJETII-04 - = QGSJETII-04
75 1078 <E<10'®eV | SiBYLL-21 = 108 <E<10'8%eV | o SBYLL-21
= — Auger Data - — Auger Data
70 } ---- stat. error 70} ---- stat. error
o'g 65; ___________________________ . n'g 55;—
260 .o B B0
< 550 o Bg[Rreeeresesenrs oo
50— s0f-
45 i— 45 i—
a0k N RN RS A M P R R I TR RN BRI O Y A SR T A
%00 350 200 450 500 550 600 “%o 30 400 450 500 _ 550 600 650
0P-air [mb] GP-air [mb]
‘ 10178 1018eV 1018 — 1085V
Op—air UnNCertamties Possible He contamination is the
Ay, systematic uncertainties (mb) 13.5 14.1 . f o
Hadronic interaction models (mb) 10 10 Mmain source o SyStematIC
Energy scale uncertainty, AE /E = 14% (mb) 2.1 1.3 unce rtainty_ 25% He maximum
Conversion off Ay 0 G- (mb) 7 [ contamination assumed for sys
Photons (mb) 4.7 42 ys.
Helium, 25% (mb) 172 -15.8 uncertainties

Total systematic uncertainty on 0}, i (mb) +19/-25 +19/-25




O;nel (Proton-Proton)  [mb]

110

100

90

80

70

60

50

40

30

Equivalent c.m. energy Vs, [TeV]
10" 1 10 10°
800_|||||| T T ||||||| T T ||||||| T T ||||||| T T T
- Nam et al. 1975
C Siohan ?t. al. 1978
ol e
= Honda et al.1999 /,"
N Knurenko et al.1999 P
—_ 600— Belgv fst al.2007 .~
R ]
—_— N Telescope Array 2015
500— + Auger PRL2012
£  —@— This Work 2015
© 400 :— e — EPOS-LHC
C ,.—T;,‘i/ [ QGSJETII-04
300 ;T»':{'/':T"Hl I L - SIBYLL2.1
200: 11 1111l 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 11111l
10° 10"  10® 10° 107  10®  10°  10¥
Energy [eV]
T T T T T TT T T T T 1T T T T T T L\bl
— = Auger 201 2 (Glauber) 7/ o s
- —e- ATLAS 2011 L e
il —— CMS 2011 /,v" S . inel ;
- —% ALICE 2011 VS A Results, o 0" in mb
C -m- TOTEM 2011 R N
- -¥ UA5 CON R R
- -4 CDF/E710 PO .
— - TOTEM 2013 RE @ Lower energy point
- @ Thiswok 2 g L 76.95+5.4(stat)+5.2/-7.2(syst)+7(glauber)
- at \/spp = 38.7 £ 2.5TeV
- . == QGSJETIL3
- Pt & — - SIBYLL2.1 _ _
- 4}’,.:»% ______ EPOS1 99 @ Higher energy point
gX——* — . EPOS-LHC 85.62+5(stat)+5.5/-7.4(syst)£7.1(glauber)
- e QGSJETII-04 at /spp = 55.5 £ 3.6 TeV
__I 1 1 L 111 | 1 1 1 1 L 111 | 1 1 1 1 L 111 |
10° 10* 10°

's [GeV]



The End
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Particle mc* (MeV) cr (m)
e 105.658357 £ 0.000005 | 658.654 = 0.012
mE 139.57018 £ 0.00035 | 7.8045 £ 0.0015
K= 493.677 £+ 0.016 3.713 £ 0.011

Pair = 1.2 107 3g cm™

3




What determines had. Energy? (tail)
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Signal ratio
and LDF
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Examples of how certain X, N, and X¥ ., behaviour can
be understood in terms of simple physics
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