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atmospheric depth (g/cmz)

Extensive air showers
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Decay of neutral pions feeds em. shower component
Decay of charged pions (~30 GeV) feeds muonic component



Simulation of shower development (i)

hadrons muons electrs neutrs
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Simulation of shower development (i
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Simulation of air shower tracks (i)

hadrons muons electrs neutrs Proton 10 ' eV
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Simulation of air shower tracks (ii

hadrons muons electrs neutrs Iron 10 eV
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muons
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Particles of an proton shower

muons

250Q0 ——
20000 - N

15000

|

10000 —~—

5000 -

0 ‘r;"_.:" <
&90 : ~"“.‘_." ; : 9
150\\ ol
100
50
0%

\ | o il
-50 . J I|
\ -nTT"iI"TT'JVmTTmlmso

‘ .-.__'...n /

-100

-150 .
20800 -15071%0

J.Oehlschlaeger,R.Engel,FZKarlsruhe

electrs

25090 ——

20000 4

15000

10000

5000

Proton

hadrons neutrs

25000 ——

20000 4

|

15000

10000 -

21336 m



Particles of a gamma-ray shower
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Time structure in shower front
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Atmosphere and interaction length

Electron US standard
Altitude Vertical depth  Local density ~ Moliére Cherenkov Cherenkov atm OSPh ere
(km) (g/cm?) (1073 g/cm3) unit (m) threshold (MeV) angle (°)
40 3 3.8x1073 2.4 x 10* 386 0.076
30 1.8 1.8 x 1072 5.1x 103 176 0.17
20 55.8 8.8 x 1072 1.0 x 103 80 0.36
15 123 0.19 478 54 0.54 Atm osph eric d epth
10 269 0.42 223 37 0.79
5 550 0.74 126 28 1.05
3 715 0.91 102 25 117 / Pair dl = X
15 862 1.06 88 23 1.26
0.5 974 1.17 79 22 133
0 1,032 123 76 21 136

5 Typical values
Interaction A (Mair)  24160mb g/cm
nt - —

length Oint Gint A~ Ag~120g/ cm?

Ap~90g/cm?
—:—— P=——— KFeQSg/CmZ



Competing processes of interaction and decay

Interaction length

A ~ Ag &~ 120g/cm?

Decay length

Lk
m

E
7‘~dec :pldec ~ CTP —

N

air density

Decay length Agec (cm?/ g)

(Fedynitch 2017)
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102 10% 10°

Lab. energy (GeV)
Altitude of 8 km




em. shower

Low energy

Hadronic cascades

Typical energies above
which particles interact

E.+ ~30GeV
Ex ~ 200GeV
E o~ 10%eV

T

12 km

| High energy




Electromagnetic showers



Heitler model

25

Number of charged particles
>

E=E)/2"

Shower maximum: £ =k,

Nmax — EO/EC
Xmax ~ 7‘~em hl(E() / Ec)

Depth X (g/cm?)




Cascade equations

Energy loss d_E — O — E Critical energy:  Ec = a0 Xp ~ 85MeV
of electron:  Jx Xo

Radiation length: X ~ 36g/cm2

Cascade equations

dCI)e(E) G, > o, . N
— @e E _I_ @e E Pe e E7E dE
dX <ma1r> ( ) E <mair> ( ) _> ( )
© Oy - 8 0D, (E)
+/ &, (EVP, .. (E,E)AE + o
B <mair> Y( ) Y— ( ) OF
= — Npax ~
Xmax Xo In (EC> ma \/IH(E()/EC) — 033 E.

(Rossi & Greisen, Rev. Mod. Phys. 13 (1940) 240)



Shower age and Greisen formula

Longitudinal profile

(Greisen 1956, see also Lipari PRD 2009)
0.31 X 3
N (X) ~ 773 €XPq 3 1 ——lIns
InEy/E,] Xo 2
. Electrons in photon-initiated shower
10 F T T T T T T T
Shower age 1 s=1.0 -
8 10 i s=0.8 y s=1.2 B
o) 7 z .
3X "g 106 N S=0.6/ 7 ¥ / _
S — §-105 :_ ,, /I/ /// ’/ _:
X _|_ 2Xmax g 7 / ~ d //' ) 1016 eV
S 10" F L g
E 7 // / / : ) ]
©10° | 1 A 1 1015 eV
(@) ; ’
_ 810 F .
Energy spectrum particles =
Z 0 b ] 1014 ev
dNe 1 100 | | | | | |
~ — 0 200 400 600 800 1000 1200 1400
dE E +s Slant depthX(g/cmz)
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number of e +¢

+

number of e +¢e

Mean longitudinal shower profile

x10 |
@ e+e cutoff: 1.0 MeV E=1014 eV
10000 |-
—— Cascade Egs.
8000 |= ~ CONEX (hybrid)
« CORSIKA Calculation with cascade Eqs.
6000 |
- Photons
4000 | * Pair production
i e Compton scattering
2000 |-
I Electrons
0 PO
| | | | | * Bremsstrahlung
x 103} ® c+e'cutoff: 1.0 MeV ' E — I 0'6 ev ¢ MO”EI’ Scattermg
8000 |
I Positrons
i * Bremsstrahlung
6000 | :
: * Bhabha scattering
4000 |-
2000 |-
R I S R B

200 400 600 200 1000 (Bergmann et al., Astropart.Phys. 26 (2007) 420)

depth (g/cmz)
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Energy spectra of secondary particles
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—— Cascade Eqgs.
***** CONEX (hybrid)
* CORSIKA

3

g

Electrons

3

Positrons

-2
10

-1
10

1
energy (GeV)

Number of photons divergent

* Typical energy of electrons
and positrons Ec ~ 80 MeV

* Electron excess of 20 - 30%
* Pair production symmetric

* Excess of electrons in target

(Bergmann et al., Astropart.Phys. 26 (2007) 420)



Lateral distribution of shower particles

dN 1 I (E>2 I
dQ  64n In(191Z2-1/3) \ E ) sin*6/2

dN
Expectation value / Ozd—Q dQ

Es\ Xo
Displacement of particle r ~
Pair

dN, E.
dE  El+s

E; =~ 21 MeV

(ES) Xo

ry —

Ec Pair
Moliere unit

(78 m at sea level)

Nishimura-Kamata-Greisen
lateral distribution function
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Hadronic showers

21



Muon production in hadronic showers

Ey Niot = Ng0 1 Hch
EO/ Rtot Nch
Eo/ (o) (Men)?
|
Eo/(nor)" (Mcn )"
Assumptions:

e cascade stops at Epart = Egec

* each hadron produces one muon

Primary particle proton

1% decay immediately

Tt initiate new cascades

111 nch

— ~ 0.82...0.95
lnntot

(Matthews, Astropart.Phys. 22, 2005)
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Electromagnetic energy and energy transfer

Hadronic energy

2E
30

O 00O

Ey

After n generations ...

n=>5, Epa ~ 12%
n — 6, Ehad ~ 8%

Electromagnetic energy

1E
350

e L (2
370 T3\ 3™

O O OO
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Energy transferred to electromagnetic component

(RE, Pierog, Heck, ARNPS 201 1)

2 1051
Sa = bt
\ |
= 1
) [
= 095 PPy Sased peeey
o = g =" — Ratio of em. to total
5 09— v
< = shower energy
ad 0.85—
0.8F
0.75— .
- —se— EPOS 1.99 Detailed Monte Carlo
07— —ill— QGSJET II-3 simulation with CONEX
- —¥ . QGSJETO01
0.65— SIBYLL 2.1
0 6 ; I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 [ [
® 15 16 17 18 19 20

Energy log,y(E/eV)

Model dependence of correction to obtain total energy small
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Superposition model

Nmax — EO/EC

Proton-induced shower

Xmax ™ 7\‘eff In (EO)

N Ey )"
p— _ () A
: Edec

Assumption: nucleus of mass A and energy Eo corresponds
to A nucleons (protons) of energy E, = Eo/A

NA = A =2} = N
maz <AEC> 4 Xrﬁax ~ Nefr ln(E() / A)

Ey \°
N =A ( ) =A'"N
K AEdec :

0.9

25



Superposition model: correct prediction of mean Xmax

iron nucleus

A (. Engel et al. PRD D46, 1992)
Number of = 56
56 nucleons without = .
interaction _‘[—:—l 42
42 ~Nn 39
‘l’.%_,. Iron
39 56 protons |_|
1 24
24 T .
Depth X

Glauber approximation (unitarity)

Superposition and semi-superposition models
OFe—air applicable to inclusive (averaged) observables

Mpart —
p—air
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Number of charged particles (x1 09)

Number of charged particles (x1 09)
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Longitudinal shower profile
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Nmax — EO/EC
Xmax ~ DeIn(Ey/E,)

Superposition model:

X4 ~ D,In(Ey/AE,)
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Mean depth of shower maximum
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Different slopes for em. and hadronic showers

<< 900 b —— EPOS1.99 AXmax) )
= 900 Dy = ~87g/cm~ .
2 - === QGSJET 01 97 Alog, o E gjem™ . |
\29 | TTTEeT QGSJET I1-3 // “““““““““““ "‘___—:—.='
T S SIBYLL 2.1 i ’
E 800
=< °r 0 gl T
Vv ‘
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Derivation of elongation rate theorem

E | I Ne
7‘~int
(Xmax(E)) = (Xmax(E/Mtot)) + Aing
em
E /ntot -] <Xmax> ~ Xpln (E / ntOt)
<Xmax (E )> = Xo log (E / ntot) +c¢ 4+ Ajnt

), taking derivative logFE

g

=

S

d <Xmax (E ) > d log niot d Aint

Elongation rate of em. shower dlogE A dlogE
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Elongation rate theorem

D" = X,(1—B, —B))

B dIn Ntot

n —

B) =

dInE

1 d 7‘~int

XO dinE

/

Xo = 36 g/cm?

(Linsley, Watson PRL46, 1981)

Large if multiplicity of high energy particles
rises very fast, zero in case of scaling

Large if cross section rises rapidly with energy

Note: DIO — log(lO)De
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QGSJET predicts very
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(RE, Pierog, Heck, ARNPS 201 1)
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Elongation rates and model features

Elongation rate theorem

D™ =1n10 Xo(1 — B, —B;)

\ (Linsley, Watson PRL46, 1981)

factor ~ 87 g/cm?

d Inngo Large if multiplicity of
B, = dInE h.igh energy particleso
rises very fast, zero in
case of scaling

1 d 7‘~int

By = — Large if cross section
XodInE rises rapidly with energy

= 800

700
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200

100

p-Air Multiplicity

—— QGSJETII
----- EPOS 1.6
......... QGSJETO1
----- SIBYLL
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E_. . (GeV)

cms
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Air shower ground arrays: Ne and N,

hadrons muons electrs neutrs
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Air shower ground arrays: Ne and N,

hadrons muons electrs neutrs
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Measurement of hadronic cross section
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20

10

Cross section measurement with air showers

Depth of first interaction

Number of charged particles

>
> E 10"
point of g
first interaction S 10° X4
& Aint
10°
10"
10°
0 100 200 300 400 500 600 700
X,/ gcm?
. <mair>
Oprod — \
int
-l 4
o5 0 O° 1
Depth X (g/cm?) Difficulties

® mass composition (protons?)
e X; cannot be measured directly

(R. Ulrich et al. NJP 11, 2009, and talk at this meeting) 38



Universality features of high-energy showers (i)

Simulated shower profiles

Height a.s.l. (m)
8 1200010000 8000 6000 4000 2000
[ | T T | T T | T T | T T | T T |

— proton, E=10"° eV

Number of charged particles (x1 09)

- = : L 11 1 | I | | L 11 1 | I | | L 11 1 | 1]
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Slant depth (g/cm’)

Number of charged particles (x1 09)

Profiles shifted in depth

Height a.s.l. (m)

1200010000 8000 6000 4000 2000

~ (o)
I

— proton, E=10"" eV

But there are shower-to-shower
fluctuations of profile shape

200

300

400 500 600 700 800 900 10020
Slant depth (g/cm’)

Depth of X; and Xmax strongly correlated, use Xmax for analysis

Selection of protons: select very deep showers
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dN/dX,,

Cross section measurement:

: composition
102 =
10‘3;—
- Simulation for proton showers with
10 . .
different cross sections:
. very good sensitivity of tail of distribution
10 =
OO ST WAVAVAVA
500 600 700 800 900 1000 1100 1200 1300 1400 1500

Knay / gcm'2

(Pierre Auger Collab. 1 107.4804)

- _
# - — lo) . . .
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(a B = - Sum
10° =
T E [0
— . N |
g 11— o eeo0e0ee oo ° oo o
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Cross section measurement: self-consistency

- wtty A, =55.8+2.3 glcm®
& *5
10 #
- (Auger Collab. | 107.4804)
5 }
& - H
E L
s L i
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= f E 700~
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L | R O
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10— s [
: | | | | | | | | | | | | | | | | | | | | | | | [ | | .I | | 1 & —
500 600 700 800 900 1000 1100 c 500 & Vet
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o I Tt 18.24
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Depth range of analysis

300 —— SIBYLL 2.1
= aaaam SIBYLL 2.1, f19 =1.2
L SIBYLL2.1,f _=0.8
ZOOT | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |
10" 10 10® 10" 10"° 10 107 10" 10° 10%
Cross section accepted if simulated slope fits Energy [eV]
measured slope of Xmax distribution
Simulation of data sample with different
cross sections, interpolation to measured
R +26 low-energy values
O-p_a“f — (505 :|: 228tat (_34)SYS mb gy
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High-energy frontier: proton-air cross section

Equivalent c.m. energy\EIDID [TeV]

Conversion from p-air to p-p cross
section always model-dependent
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— v Baltrusaitis et al. 1984
% 600 — o \ielkeetal 1994
é : A Honda et al. 1999
o L O Knurenko et al. 1999 _
© 500— < HiRes ICRC 2007 i
2 [ Aglietta et al. 2009 / AQustS
5 — = Aelli etal. 2009 s P
—— — % -
S 400— A Yakutsk ICRC 2011 ‘:/‘ 2
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Energy [eV]

Cross section independent of LHC data,
very good agreement with extrapolated data

(Pierre Auger Collab. | 107.4804, Phys. Rev. Lett. 2012)
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The muon problem
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Muon number in inclined showers

Number of muons in showers with 6>60°

10" &
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c 10" g Mmuons 1019 1020
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2
X (g/cm’) -

(Auger, PRD91, 2015)

Several measurements: indications for muon discrepancy N
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* Muonic component dominates

* ( = 20% residual e.m. component )

Hybrid events: N9 used for muon counting

* Energy estimator Njo:

N19 — p,u/p,u, 19(337 Y, 97 QZS)
* zenith angle independent

REM/LL

10:—

o 60°
= 64°

10"

p @I0EeV; 84"

Lo D
—

|
—
=

4 10%

10°

00800 3000 2000 1600 © 1000 2000 3000 400
x (m)

Simulated muon maps (magnetic deflection)
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dE/dX [PeV/g/lcm?]

S [VEM]

W
o

N
o

—
o

Ultimative test: simulation of individual events

102

10

10°

| | | | |
Proton Sim
Energy: (13.8 +0.7) EeV, Iron Sim ------
|| Zenith: (56.5 + 0.2°) 2[/)datf —'—1 o
of (p) = 1.
Xypa: (752 +9) glom? ’g (P)
w2/dof (Fe) = 1.21
- ; é\ |
] ] ] ] ] ¢
200 400 600 800 1000 1200
Depth [g/cm?]
N ' | ' | T |
RN Proton Sim =
RN Iron Sim 4
NN Data e
E=~1010eV ]
] " ] " ] " ]
500 1000 1500 2000
Radius [m]

(Auger, PRL 117, 2016)

Phenomenological model ansatz

Energy scaling: em. particles and muons

Muon scaling: hadronically produced muons

and muon interaction/decay products

Full detector simulation after re-scaling

2
1.8
1.6
1.4
1.2

1
0.8
0.6
0.4

Systematic Uncert. =1 1
: Qll-04p o
QII-04 Mixed ©

i EPOS-LHCp =
EPOS-LHC Mixed O

0.7

0.8 0.9 1 1.1 1.2 1.3
Re

None of the models gives
a really good description ?
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AugerPrime — buried muon detectors (AMIGA)

- 61 positions

- 30 m2 each

- 750 m spacing
- 2.5 m of saill

Muon density

34F 4s3 o287 137 84 35 31 ]
3.0 ]
o 2.6F j
< 2.2 T 7
E -
E 1.8 ]
NG| . <:> Fe
gll-\ 1.4F — i
R PR
~ T
s 1.0 S LT P
>
Nt | O AMIGA data
------ QGSJetII-04
---EPOS-LHC
0.6 —————— |
3-10"7 108 2-10'®

E/eV

Auger, UHECR 2018, Paris



10°
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102.

Analysis of world data set on muons (i)

Muon lateral distance

’feleSCOpé Array

18
o
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10" 108
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10]5

Dembinski et al., Working group, UHECR 2018, Paris
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Muon energy threshold
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Analysis of world data set on muons (ii

Scaled number
of muons

31 EPOS-LHC Energy-dependent trend
combined with

mass-composition effect

- —e—Pierre Auger
- —®—AMIGA [Preliminary]
_t —e—IceCube [Preliminary]
—o—NEVOD-DECOR
SUGAR
Yakutsk [Preliminary]
--—GSF
Kampert&Unger 2012¢

R T R T TR 1

E / eV “ updated with Auger 2015 data
and EPS-LHC by the autors

Dembinski et al., Working group, UHECR 2018, Paris



High-energy interactions determine shower maximum

Shower particles produced in 100
interactions of highest energy

Depth of shower maximum

108 — Proton, 10'%V

'_'@ — — 100 Highest Energy Interactions
>~ — ..
Ql B — Individual Sub-Showers
5 107
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Electrons/photons:

Ralf Ulrich, 2012 : . :
( ) high-energy interactions
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Interactions of all energies of relevance to muons

Muons

Shower particles produced in 100
interactions of highest energy

Muons

10° = _ — Proton, 10'%V

- (Ralf Ulrich, 2012) — 100 Highest Energy Interactions
10° §_ — Individual Sub-Showers
107 = 1
10° = Low-energy

] ~ interactions

10° =
10°

- \4
10° £
102

0

Depth [g/cm?]

Muons/hadrons: high- and low-energy interactions
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Muon production at large lateral distance

Energy distribution of last interaction

Number of interactions that produced a detected muon

- knee energy: 5-6

- highest energies: 8-10 E[GeV]
° J 0> 0’ 10* 10° 10°

I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|
-1

@120000 ' — QGSJET/FLUKA (80 GeV)
E L r % e QGSJET/FLUKA (500 GeV)
Qil 00000— & h SIBYLL/FLUKA (80 GeV)
Z
Z e, SIBYLL/FLUKA (500 GeV)
E + g.. ~30GeV
n=,dec 80000

/ Eo =10" eV

T T | T 1 | T 1 | T 1 | T 1 | T T | N

pions
60000
e 1 nucleons
40000 T
20000
Ol: 'i‘i-.-_ ~ L1
0 1 2 3 4 5 6

loglo(E/ GeV)

Muon observed at 1000 m from core
(Maris et al. ICRC 2009)
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Modification of characteristics of interactions ?

Equivalent c.m. energy\'s,, [GeV]
10° 10° 10* 10°

IR L +"""'IT' """"’L.‘ L

i

700
Tevatron

LHC o

Modification of

600 accelerator data (p—p) + Glauber

® cross sections (p-air, TT-air, K-air)
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ e secondary particle multiplicity
* elasticity (leading particle)

1

500

W
‘\\\
\\\\\\\\\\\

a

\\\\\\

400

Cross section (proton-air) [mb]

300 —— SIBYLL 2.1
- e SIBYLL 21,0, x 1.2
L SIBYLL2.1,0, % 0.8
ZOOT | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |
10 10® 10" 10® 10® 107 10" 10®° 10¥ .
Energy [eV] Implementation
* rescaling after event generation
Logarithmic interpolation starting at 10!5 eV * separate treatment of leading particle
* conservation of energy and charge
In(E/10% eV) e modified version of CONEX
f(E) =1+ (fi9—1) In(101 eV /1055 oV) ¢ available for different interaction models
\ * shown here for SIBYLL

Modification factor at 10!° eV

(R. Ulrich et al. PRD83 (2011) 054026) 53



Results for proton showers: Ne, Np

~10.24
< -
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I e Electron number correlated with Xmax
N | l_‘_ ° . . .
- | * Muon number depends mainly on multiplicity
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(R. Ulrich et al. PRD83 (2011) 054026) 54



Muon production in hadronic showers

Ey Niot = Ng0 1 Hch
EO/ Rtot Nch
Eo/ (o) (Men)?
|
Eo/(nor)" (Mcn )"
Assumptions:

e cascade stops at Epart = Egec

* each hadron produces one muon

Primary particle proton

1% decay immediately

Tt initiate new cascades

111 nch

— ~ 0.82...0.95
lnntot

(Matthews, Astropart.Phys. 22, 2005)
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Modification of ratio of neutral to charged pions

____________________
- bl )
- -~

~—— @EIIIIIIIIIIIIIIIIIIIiooin o
DR R ~O— N — Eo
quar : u—
diquark Edec
—° /\3’—-::{{:.-_-_'_'_'_'_‘ .- i T~
e T O—— o — In (nch)
~—EIIIIIIIIII A 1n(ntot)
—® "::::-.-.-_-_'_'_' pRE T Tt
meson e T MO ——
4/.‘\(3~'::.i-_i:‘:-E:—:-:::::::_:~~
- ~111211::_:_€:1‘~c/\ o—
Particle ratios:
L e O quark counting and
~iiiiioo S30 —
----- © o o— SU(3) symmetry !
meson baryon
\.
—9 — 0 0 o o o .
-~ .\
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String fragmentation: baryon pairs

\QE:::: -------
/' ~.~.~.--------::~~
e @—
~
diquark - anti-diquark pair
® \Q: ----- /
- R POy
S
\

®

> o
. -~ ‘\./:\ leading baryon
leading meson

Baryon number conservation !

(Grieder, ICRC 1971)
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Muon production and hadronic energy flow

Meson Baryon
sub-shower sub-shower 1 Baryon-Antibaryon pair production (Pierog, Werner)
e Baryon number conservation
N ) e Low-energy particles: large angle to shower axis
n P e Transverse momentum of baryons higher
e Enhancement of mainly low-energy muons
f\\ // k (Grieder ICRC 1973, Pierog, Werner PRL 101, 2008)
& 7
/\ 2 Leading particle effect for pions (Drescher 2007, Ostapchenko 2014)
n e Leading particle for a it could be p% and not n°
;S p e Decay of p% almost 100% into two charged pions
I[;eafj?\/;:)article D 4I\\
P A 3 New hadronic physics at high energy (Farrar, Allen 2012)
pﬁ x e |Inhibition of % decay (Lorentz invariance violation etc.)
p e Chiral symmetry restauration

™ ~30% chance to have

0 as leading particle cq



Rho production in rt-p interactions (Sibyll 2.1 — Sibyll 2.3)

— -~ Sibvll 2.1 —— Sibyll 2.3
3 Y np - n’ — 2y :
10 E T T T = 10 | | | g
(] 71'0 - . o ﬂ'O E
i ) nmp - p) > ntn i -
2| @ H 5 ]
= 100 @& E S 100k E
E §- ~;\ ; é - E
P NS 1 | Epp =250GeV ¢ [a :
© 10"k g - = Z10'k E
5 OF 2 [ —— s F g
e - e S i - o - .
S i o T TR m- - S N -
.-B 100 = \_’;_ = -8 100 =
) = o o8 Q =
A = AR A -
a - . v -
o B —— o -
U 10" = = © 10" = E
E NA22 7™ pwith p,, =250 GeVc ™! - = NA22 ¥ pwith py,, =250 GeVc ™ :
10_2 I : ' ' ' | 10‘2 I | 1 ] ] ]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Longitudinal momentum fraction zp Longitudinal momentum fraction zp
XF = P||/ Pmax
(Riehn et al., ICRC 2015)
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NA6| experiment at CERN SPS

MTPC-L

EX=ne = Teop T N

Vertex magnets

Invariant mass of two charged tracks
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Some NA6I| results

antiproton production rho-0 production
- 0.2
- - NA61/SHINE -~ EPOS1.99
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— 'o _I \
o 003 S 0.061 —+—
N x - \
0.02]- oo o
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e > at 350 GeV/c
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(Prado ICRC 2017, EPJ 2016)



fraction

D energy

NAG61 results and extrapolation to high energy

NA61/SHINE preliminary

0.07[
- ---EPOS1.99 ---DPMJet3.06 ---Sibyll2.1
0.061
- — Sibyll2.3c  — QGSJetll-04 — EPOS-LHC
0.05—
0.04—
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0.02—
0'01:_ o —e— syst. uncertainties
O :I | IIIIII| 11 IIIIII| 11 IIIIII| | IIIIIII| | IIIIIII| 11 phase Space eX‘tra.pOIa.ticl)rl]llll

102 10° 10* 10° 10°
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p energy fraction in = +4C

(Prado, NA61, ICRC 2017)

)

X >0.15

p® energy fraction

NA61/SHINE preliminary
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( GeV-0.925)
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Predictions for muon number at ground (updated)
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Baryon pairs: enhancement of low-energy muons

Meson Baryon
sub-shower

A
Mo f

55 1
Decay of ~
leading particle pP 4I\\
g\ A
P
p

EPOS

(Pierog, Werner PRL 101, 2008)

sub-shower

~300
g/cm?

\ 4

(Ave et al. ICRC 201 1)

Shower axis

" early
muons
\“ ‘Ll
Enhancement
of low-energy
\ muons !
late X
muons ﬂh
Detector
< > ~30-100 g/cm?




Relative energy spectrum of muons in EAS

Muon energy spectra relative to that of Sibyll 2.1

Rho-0 production
Low-energy .
enhancement Charm particles

ly Sibyll 2.3
due to baryon (only Sibyll 2.3,
pair production and Sibyll 2.3¢)

)
9

Proton 67° 200 Ee Y240 g/cm?

|

[am—
)
I

[am—
-
I

Model / Sibyll 2.1

Ratio of energy spectra vs

0.5 — Sibyll 2.3¢c — QGSjetlI-04
— Epos-LHC
0.0 1= rr rr o rr
109 102 10 106 108

Muon energy E}; (GeV)

Discrimination by IceCube (surface array and in-ice muon data)?
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IceCube: discrimination of enhancement scenarios?

. (lceCube, Gonzalez & Dembinski et al. 2016)
Correlation of low energy

muons (surface) and in-ice 101 Zec91§0[1.00,1.05]
muon bundles [

¢ 600m |

SIBYLL2.1 D 800m |
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2.0 .
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:j N
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Time scale
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lceCube: discrimination of enhancement scenarios?

| Correlation of low
I' energy

| muons (surface)
J and in-ice

l muon bundles

(de Ridder, Gaisser,
IceCube, ICRC 2017)
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Outlook: muon production depth

Shower

Early muon

Late muon
v Detector

5— Total signal
s 4
w3 ;
2F
1F -
0 - 500 Time[ns] 1000 1500

(Cazon et al. Astropart. Phys. 23, 2005 & 1201.5294)

— 45
s F (Auger Collab. ICRC 201 1)
= 40
X r
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- |
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:. i . ._1_._.
°E f | | | |\ L
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Muons from high- Muons from low-
energy interactions energy interactions

Auger Observatory: upgrade of
surface detector array planned
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Auger | Loz LEGTES | (IGEGranEe )| (ama EmarilE| (EEHuEEE] | SD lSeIectionI

Event Info | METTo)|
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Summary

Different air shower observables are sensitive to hadronic interactions of different energies
e em. particles and Xmax: first few high-energy interactions
* muons and Xumax: wide range of interaction energies

Model building relies heavily on measurements at accelerators

LHC tuning and further developments have led to an convergence of the predictions

* Xmax data: interpreted as heavier in mass than before
* N, data: interpreted as lighter in mass than before
« selfconsistency improved

Overall good description of most shower features reached

Shortcomings clearly revealed in dedicated air shower measurements

e correlation of two independent measurements
* none of the LHC-tuned models much better in data description than others

LHC measurements of p-O and further air shower studies important for progress

Models should be used with care, cross-checks always needed
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Change of model predictions thanks to LHC data
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UHECRSs: How to detect them

Sensitivity to mass

15% duty cycle

20;
18]
165
14f

12F

Detector signal (arb. units)

Time structure

and type of primary

1of D‘Q,/’/
o %
o //7@ %Q/’//
X
2F ”fb N\
C ,T?O fLQ &
o 2D 40 60 80 100 120 140 160 180 200 e . ...:..: ....... s .:. ////
s, Timebins2sns) : 100% duty cyc|e. &
w 10 ! :-';.:'."_?l.".
= : Lateral distribution..-~ - - 72000 nt
5 10° e S R
» e ! R
10 R .
o s o Angular resolution
Erec = f(S1000,6) R S ~1.5°-0.5°
1 ’T I’ i —¥ '¢'
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86



TA event simulation for surface array

5007 r , , , T A B B

CORSIKA + full detector

400/ ;
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Auger event simulation for surface array
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CORSIKA + full detector
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(UHECR 2012)

Very good agreement
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Composition and model sensitivity ?
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Most observables not very
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to details of shower simulation 89
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RMS(Xmax)

Number of charged particles (x1 09)
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Depth of shower maximum (Auger results)
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Composition estimate using rise time of signal

— total signal
— muons
R et’ Y

signal [VEM]

Rise time of signal

112 = 150% — 110%

e 1500 m array
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(Sanchez-Lucas ICRC 2017)

Auger FD ICRC17 (prel.) + stat.
Auger SD ICRC17 (prel.) = stat "

+ SYyS.
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—h [
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.
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Result not directly depending on
models

- Calibrated on Xmax data of
fluorescence detectors

- Calibration function assumed
to be valid also at higher
energy




Particle physics with the upgraded Auger Observatory

Results on muon number of showers
still not understood, important effect

missing in models?

1.0 ‘ ‘ ‘ ‘ : :
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0.8 & QGSJET 1I-03 —
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0.6 [ o ] dat§

(Auger Collab. Phys. Rev. D91, 2015 &

ICRC 2015)
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Exotic models for the knee

- Cosmic ray Eo

Atmosphere

v
\
Ex ~100 TeV

New physics: scaling with nucleon-nucleon cms energy

log(Fl
ux)

Petrukhin, NPB 151 (2006) 57
Barcelo at al. JACP 06 (2009) 027
Dixit et al. EPJC 68 (2010) 573
Petrukhin NPB 212 (201 1) 235

Knee due to wrong energy
reconstruction of showers!?
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Scaled flux E*°J(E) (m2s'srieVv'd)

LHC data probe the region beyond the knee

Equivalent c.m. energy \'s,, (GeV)
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Beam

tracking
I

Problem of limited phase space coverage

Detector

Collider setup

| |

Beam

ATLAS
CMS
ALICE
LHCb
LHCf

calorimetry

dN/dn

(Salek et al., 2014)
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Example: generic LHC detector coverage

central e Central (|n| < 1)
]
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— x —>—Jl}-
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e ZDC (|n| > 8), LHCf
Electron Profile Muon Density
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: 107 ¢
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More than 50% of all measured secondaries from particles of n > 8
(Ulrich, DPG meeting 2014) 96



The Pierre Auger Observatory
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LIDAR
Laser facility
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Yakutsk air shower array
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Auger event simulation for surface array
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Very good agreement
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TA event simulation for surface array
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Signal [VEM]

Several shower observables
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S, [VEM]

100
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Auger: comparison of surface detector signals

Showers up to 60° zenith angle

QGSJET I11.03

20 30 40
E [EeV]
Fluorescence

Discrepancy due mainly to muons

Inclined showers (muon dominated)

10! —__N19 — A(E/lolgeV)B ox__
|===Fe s’ "':
_--- " ’
|===P ReiRat
o events o & il
o ', 'é
’l ¢"
& g
109 i
] ~1.2
’3 R NuMc EPOS. Fe
_r’ "l ,
1019 10
EFD/eV
N,u data
, — 2.13+£0.04(stat) £ 0.11(sys)
NuMc QGS,p

(Independent confirmation with several other observables)

(HadInt Working Group, UHECR 2012)
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TA: comparison of surface detector signals
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P(R), [1/m°]
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Yakutsk: direct measurement of muons
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(Yakutsk Collab., UHECR 2012)
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Comparison of surface detectors

Telescope Array: thin scintillators
(main part of signal due to em. particles,

low sensitivity to muons)

Communications
antenna

enclosure Solar panels

3 photomultiplier . Plastic tank
tubes looking into the E with 12 tons of
water collect light very pure water
left by the particles

Auger: thick water-Cherenkov detectors e L
(large part of signal due to muons, | &Elc re—

large acceptance to inclined showers) 4 B GPS Antenna

B e M % -\ |
BRI )

Complementary surface detector arrays
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Accounting for different sensitivity to muons

Muon component

e Auger: 30-80% of detector signal
o TA: 15-20% of detector signal
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[gem™

Mean X, .,

[gem™

RMS X,

Results for proton showers: Xmax

(R. Ulrich et al. PRD83 (201 1) 054026)
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Change of interaction physics?
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Importance of correlations for fluctuations
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Early muons: importance of shower front curvature

Early muons
(high energy)

Late muons and
em. particles
(low energy)

Curvature of shower front
sensitive to early muons

proton shower E = 109 eV, 0 = 45°

SF Total signal
4F
2
1t
5— Muonic signal
s 4
s 3
2
]
5 Electromagnetic signal
Z 5
> ot
1 M
0 500  Time [ns] 1000 1500
Linsley Fit a 2 A 0 4 2
E 1u_ T T
s E
= 9.5
% oF
£ osE
: &
c 8
o

= -~
th o~
(U LLLL LU R LU

=23

TA event

PR TS S R — PR -

P T T—1

&
fal

0 1 2
Distance along shower axis, [1200m]

Curvature should be measured



Distribution of muon production depth (MPD)
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Backup slides
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Performance plots of recent model versions
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Scaling: model predictions (i)
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Scaling: model predictions (i
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Scaling: model predictions (iii)

Inelasticity: fraction of beam particle energy that is transferred to
secondary particles except the leading one
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Elasticity = 1 - Inelasticity
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Particle = Constituent  Mass Mean life Decay channels  branching
quarks (MeV) (eT) ratio (%)
p uud 938.3 o0 — —
n udd 939.6  2.64 x 10®km pe U, 100
NT(1444) uud 1440 ~ 300 MeV p 0
nmt
prt T
n ot 7’
Dy 0.35 — 0.48
AT(1230) uud 1232 117 MeV p 70 66.7
nwt 33.3
AY uds 1115.7 7.89 cm p T 63.9
nmt 35.8
pe U, 8.3 x 1072
p U v, 16.3 x 1072
) uus 1189.4 2.40 cm p 7Y 51.6
nwt 48.3
=T dss 1321.7 4.91 cm Am™ 99.9
O~ SS8S 1672.5 2.46 cm AN K™ 67.8
=0 7 23.6
== 0 8.6
AF udc 2286 59.9 um A/p/n 73
Aet v, 2.1
Auty, 2.0

118



Particle = Constituent Mass  Mean life Decay channels  branching
quarks (MeV) (eT) ratio (%)
mt ud 139.6 7.80m ut v, 99.99
wt v,y 2.0 x 1072
et ve 1.2 x 1072
7! 5 (dd—wu) 1350  25.5nm vy 98.8
et e v 1.17
K+ us 493.7 3.71m ut oy, 63.6
at 7V 20.7
ot o wt 5.59
70 et 1, 5.07
™ ut vy, 3.35
R 1.76
K° ds 497.6 — — —
K9 75 (ds—sd) 4976 15.34m T et v 40.5
™ ut v, 27.0
7V 7V 70 19.5
at 7 7 12.5
Tt o 0.19
K¢ 75 (ds+sd) 4976  2.68cm o 69.2
7V 70 30.7
Tty 0.18
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Some useful relations (units)

Speed of light: ¢ = 2.9979 x 100 cms™!

Gravitational constant: G = 6.6738 x 1078 cm3 g=1 572

Planck constant: h = 6.626 x 1072 ergs = 4.136 x 10~ eV s,

h = h/(2r) = 1.0546 x 10?7 ergs

Boltzmann constant: kg = 8.6173x 1072 eVK™! = 1.3806 x 1010 erg K1

Avogadro constant: N4 = 6.0221 x10?3. By definition, N4 atoms of carbon
12C have a mass of 12g. Therefore, the mean mass of a nucleon can be
written as my = (m, +my)/2 ~ (1/Na)g = 1.6605 x 10~ g.

Energy units: lerg = 1077 J, 1eV = 1.6022 x 10~ 12 erg,

lem~! = 0.000123986 eV, 1fm = 5.06773 GeV !

A photon of E, = 1keV has a frequency of v = 2.4 x 10" Hz. This
statement is based on E, = hv. Direct conversion of units using h =
h/(27) = 6.582 x 107%? MeV s would give a result that differs by 2.

Distances: 1 pc = 3.0857 x 10'¥cm, 1 AU = 1.496 x 1013 cm

Cross sections: 1 mb = 10727 cm?, (1fm)? = 10 mb,
(1GeV)™2 = 0.389365 mb

Thomson cross section: o = 8712/3 = 665.25mb = 6.652 x 1072° cm?,
where 7 is the classical electron radius r, = €2/(m.c?) = 2.818 x 10713 cm

Solar mass and luminosity: Mg = 1.9885x10% g, Lo = 3.828x10%3 ergs™1

Flux density used in radio astronomy (Jansky): 1 Jy = 1072W m ™2 Hz ! =

1073 ergs ' cm 2 Hz !
Magnetic field strength: 1G = 1074 T
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UHECRSs: How to detect them
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Example: event observed with Auger Observatory
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