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The first cosmic particle of ultra-high energy

VoLuME 10, NUMBER 4 PHYSICAL REVIEW LETTERS 15 FEBRUARY 1963

Cascade of secondary particles:

- extensive air shower
EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 102 evT

John Linsley
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 10 January 1963) 7

E =1020 eV

Energy conservation,
overall energy
estimate robust
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Energy spectrum of cosmic rays — 1020 eV
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Classic models: Diffusive shock acceleration

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYYEARS

Active Galactic Nuclei (in jets or in radio lobes) Gamma ray bursts (GRBs)
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Fermi acceleration at shock fronts of plasmas



Inductive acceleration

Beam of
radiation

Roiation l

Magnetic
axis

/
/ Magnetic
S field
lines

Beam of
radiation

Rapidly spinning neutron stars
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Wake field acceleration in plasma jets

Alternative source scenarios

New particle physics (top-down scenarios)

Single (relativistic) reflection

X particles from:
* topological defects
* monopoles
* cosmic strings
* cosmic necklaces

Super-heavy objects from Early Universe

National Radio Astronomy Observatory / AUI, Murgia et that decay SIOWIy (by ConStrUCtion)
al_; STScl (for the inset). MX - 1023 _ 1024 ev

Spin flip of BH in AGN

Tidal disruption events (TDEs)

large fluxes of
photons and

9 neutrinos
Emax ~ 1 Einj




Cosmic ray flux and interaction energies
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The Pierre Auger Observatory (3000 km?2)
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Southern hemisphere: Cabras

Province Mendoza, Argentina
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Particle detectors

|0 m2 area, 1.20 m high
12 tons of water




Telescope Array (TA, 700 km?2)

Middle Drum: based on HiRes Il

LIDAR
Laser facility

Infill array and high

elevation telescopes - /
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Pierre Auger Observatory and Telescope Array

Telescope Array (TA) HiRes | (mono) ~ 5 x 103 km2 sryr @ 1020 eV
Delta, UT, USA AGASA: 1.6 x 103 km2 sr yr
507 detector stations, 680 km?2 Together full sky coverage

36 fluorescence telescopes

;\ = Auger SD vertical (2004 - 2014)
AN 1 OOOO 7] == Auger SD inclined (2004 - 2013)
E == Telescope Array SD, 8 < 45° (05/2008 - 05/2015)
i == Telescope Array SD, 8 < 55° (05/2008 - 05/2015)
o~

-----------
-

90 —70 —50 —30 —10 10 30 50 70 90
Declination 6 /°

Pierre Auger Observatory Auger: TA:
Province Mendoza, Argentina 6.7 x 104 km2 sr yr (spectrum) 8.1 x 103 km2 sr yr (spectrum)
1660 detector stations, 3000 km? 9 x 104 km2 sr yr (anisotropy) 8.6 x 103 kmz2 sr yr (anisotropy)

27 fluorescence telescopes



Current state of the art of UHE cosmic ray detection

Sensitivity to mass &Q@ B 15% duty cycle

and type of primary

20—

Time structure

Detector signal (arb. units)
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Air showers: electromagnetic and hadronic components

Hadronic
energy

_EO

(Matthews, APP22, 2005)

After n
generations ...

n:5, Ehalez%
n==6, Epg~ 8%

Electromagnetic
energy

1E
350

Le L (2
3703\ 37

Eem / Etot

Ratio

(RE, Pierog, Heck, ARNPS 2011)
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Very efticient transter of hadronic
energy to em. component

High-energy interactions most important
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Importance of hadronic interactions at different energies

(Ulrich APS 2010)

Energy Deposit [GeV cm“/g]

Muons
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Depth [g/cm?]

00 2000 2200

0

[4 f —_ ==
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— Proton, 10'%eV

Muons — 100 Highest Energy Interactions

— Individual Sub-Showers

Low-energy
interactions

e

.........

Depth [g/cm®]

e s~ = it S

-—-=<a

—

Shower particles produced in 100
interactions of highest energy

Electrons/photons:
high-energy interactions

Muons/hadrons:
low-energy interactions

Muons: majority produced
in ~30 GeV interactions
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Hadron production at very high energy:

Mass composition of cosmic rays

16



Composition from longitudinal shower profile

Height a.s.l. (m)

8 1200010000 8000 6000 4000 2000
B | I I | I I | I I | I

® Auger shower

Number of charged particles (x1 09)

Proton

0200 300 400 500 600 700 800 900 10020
Slant depth (g/cm))

Example: event measured by Auger Collab.

(Auger ICRC2017)

(X__ ) [g/em?]

) [g/cm”]

max

o(X

850

800

~
&)
o

600

¢ Auger FD ICRC17 (prel.) = stat. .

4 Auger SD ICRC17 (prel.) = stat .-~

"~ ssys e
LT
S N
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Auger preliminary
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10" 10'® 10" 10%°
E [eV]
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Challenge of limited phase space coverage — model extrapolations

i 5
15 10 5 0 5 10 15 central e Central (|n| < 1) Bl Central
L L L L L L L L L — @ Endcap (1 < |n| < 3.5) @ Endcap
— I — . As B ‘\\Z&lf"rwa“’ o Forward (3 < |5| < 5), HF Forward
— —— | S— S "“5. ~ t\ﬂl o CASTORLT2 (5 < [n| < 6.6) ) CASTOR+TZ
— — TOTEM R e FSC (6.6 < |n| < 8) [ 1Z7DC
o™ M o W ALICE o ZDC (|5 > 8), LHCf
] I LHCDb ’
— |
L B I L L L L L Electron Profile
% 9F \'s=14 TeV 3900 (E .
8F +p — charged 4800 < O = _
o E+E%all 9 fiee ; deg.  rmrad. E P (Ulrich, DPG 2014)
6F 4600 © ke | ST
5 1500 - o
) {100 3 8797 :
3 3300 ol
oF 3200 -
1;— _2100 5 0.77 10 -
915I 1OHH|5II (l) IIé””10 18 1055—
M 8 0.04 0.7 : | REESA j_
0 200 400 600 800 1000
/ 0 0 Depth [g/cm?]
> — n= —lntani 10 0,005 0,009

More than 50% of shower from n > 8

(Salek et al., 2014)



Cross section measurements at LHC

(Cafagna, ICRC 2015)
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LHCf: very forward photon production at 7 TeV

Arm 1

AN N
5 70 I . =80
560 <9 46 The LHCf experimental setup £
3 140m £
50 \\\ . o o 60
& T calorimeter calorimeter =
A0FRISTE / 50
s0f|i 7 : . ¥l IP1 10
| E 22mmn=9.46 ] Arm2 n | S ; 'Y Arml :
0] & A EE . foie] ] ——r ____ > 30F
105:'1 __________ 21| 1mmn=10.15 ] H « = - ’ —® et s oo
5 R e vy E ! l ;—‘ '—. I b S :
of oo+ . >(_“_U - - R 10F
" ! ; ] D1 A} E
-10F . ] D1 o
i T Arm2 ] Front Counter Front Counter - :
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40 -30 20 -10 0 10 20 30 40 '10; n>101 Arm1 ]
Holizontal(mm) 7 PETT ETETI PRTTI FTET] PETT PEST PRPTE PETTI IT:

T’|>1015 20 30 20 10 0 10 20 30 40

pp =YX

(LHCT Collab., Phys. Lett. B 703, 2011)
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(1/N) dN / dn

(1/N) dN / dn

(Pierog 2013, 2014)

Examples of tuning interaction models to LHC data
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Puzzle: Unexpected change of mass composition

' EPOS-LHC

| log(E/eV) = .
' 19.0-19.1

500 600 700 800 900 1000

Xmax [g/cm? ]

_HC-tuned interaction models

~it quality not always good

No iron needed for interpretation
Large proton fraction below ankle
No obvious scaling with rigidity

Data cover only range up to 10195 eV

pHeNFe

Composition based on fluorescence telescope data (15% duty cycle)

1.0

relative abundance

14}1.:. 1@1:14;1: @le T;Ll

At Ll

oM

p-value

18.5
lg(E/eV)

(Bellido ICRC 2017)
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Consistency of mean Xmax and shower-by-shower fluctuations

EPOS-LHC

QGSIJETII 04

SIBYLL 2.3

| |

...................................................................................
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)
Frvrre pure C_ornposi[ion ..................{.*..{..{.*....+.

'MM

....+ 0000000 L o
R -

OOOOOOOOOOOOOO

0 175

180 185 190 195

17.0

18.0 185 19.0

lg(E/eV)

17.5

17.0

175 18.0 185 19.0 195

Fe

Fluctuations due only
to mix of composition

(Bellido, ICRC 2017)
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Hadron production at very high energy:

Measurement of proton-air cross section

24
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Relation between depth of maximum and p-air cross section

Number of charged particles
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Cross section measurement: distribution of deep showers

2
- A,=955.8+2.3 g/lcm
0F (Auger Collab. PRL 2012)
> B
C\l\ -
E |
O, B
b Equivalent c.m. energy\'s,, [GeV]
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: _Q | | IIIIII| | IIIIII| | IIIIII| | | IIIIII|”‘ | T
g t E 700— i T
% B B Tevatron o
i | % - LHC
- L 600 ’
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_ o -
101 :_I Lol ) 1 T L1 é B
500 600 700 800 900 1000 1100 1200 c S0~ & e
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o C e 18.24
M 3 400_ \\\\\\\ EO — 10 eV
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measured slope of Xmnax distribution
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Cross sections, interpolation to measured
low-energy values

Op—air - (505 1 2281:&1; (tgg)sys) Hlb

26



800

700

600

[mb]

500

P-air

400

300

200

Proton-air and proton-proton cross sections
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(Ulrich, Auger, ICRC 2017)
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Hadron production at all energies energy:

Muons as tracer of the hadronic shower core
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Muon production at large lateral distance

Energy distribution of last interaction

Eni,dec ~ 30GeV

that produced a detected muon

Muon observed at 1000 m from core

E[GeV]
]; | ||||||]i|O | |||||]i|(|)2| |||||]i|(|)3| |||||]i|(|)4| |||||]i||05| |||||]|‘|(|)6
Typically 8-10 @120000 B F_ — QGSIJET/FLUKA (80 GeV)
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% I AP SIBYLL/FLUKA (500 GeV)
80000
i N pions
600001~ “5'5.5_':57;7: / Eo = 1019 eV
i - - nucleons
40000— 7 LIRS L
- I,
20000 — "
0 < Tl T T T T T T i i s s oot i OO TN TR O |
0 1 2 3 4 5 6
IOgIO(E/GeV)

(Maris et al. ICRC 2009)
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Measuring muons with highly inclined showers

h

-’ - -

electromagn. _ \ __——~ S hard muons | ____

- - v T

- ,quggdﬂ __________ T + 20% electrons
el N ' inequil. withmuonsfi ________
e e W T N ——-
e e e arienl Rl R
e T N BN
iﬂ* §§§§§§§§§§ . T T T T T ——
S~ A N
T T ———
T s /T ———
- S T Old shower:
Young shower: p small curvature
large curvature TTmsT

small em. component

large em. component :
compressed time structure

extended time structure



Discrepancy: Muon number in inclined showers

Number of muons in showers with 6>60° Combination of information on mean
depth of shower maximum and

24— 1 muon number at ground

2.2- R — -

20_ . _ 10 | | | | |
PR ! © EPOS LHC E=10"eV, 0 =67°
> 1.81 - 0 QGSJet 11-04
2 i 0.81 & QGSJet 11-03 — -
g e I _ ¥ QGSJet01
M 14 — e Fe 0.6 [ Taa™ |
Z o —

%m I f..\_..‘...\...\...\..\“~\ i -
| @ Auger data el T p
10 | ‘EPOS LHC -
----- QGS]Jet 11-04 -
S W W N \— . S —
10" 102
E/eV i
(Auger, PRD91, 2015) 680 700 720 740 760 780 800 820

<Xmax> / gcm_z

Several measurements: indications for muon discrepancy



Ultimative test: simulation of individual events

I I I I I I
Proton Sim
Energy: (13.8 £ 0.7) Ee\/I lron Sim ------
— 30 || Zenith: (56.5 +0.2°) Z?dat:‘ '1 .
£ Xy1os: (752 £ 9) glom? x /ot (p) =1.
> v -/dof (Fe) = 1.21
>
e 0T (AR -
x \
Q A
L
oS 10 } _
| | | | | ¢
200 400 600 800 1000 1200
Depth [g/cm2]
MY ; | ; | ' |
B\ Proton Sim =
RN Iron Sim &
%Y Data @
10° |
S
LI
=,
@)
10" |
A. \;\'\.
Ex=101°eV RN
100 | N | | |
500 1000 1500 2000
Radius [m]

(Auger, PRL 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

oC

0.8 Syétematic Uncert. = 1 1
' Qll-04p o

0.6 | Qll-04 Mixed © -

04 | . 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
an acceptable description
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Muon number measured by many cosmic ray experiments

lines & boxes: result integrated over range

90 +———
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Pierre Auger |

IceCube

ESTEENT

o7
EleV
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E,, threshota = 0-01 ... 10 GeV

AMIGA preliminary: S. Miller poster ID 204; PRL 117 (2016) 192001; PRD 91 (2015) 032003

PRD 98 (2018) 022002
ISVHECRI 2018 preliminary
Astropart. Phys. 95 (2017) 25

Phys. Atom. Nucl. 73 (2010) 1852, Astropart. Phys. 98 (2018) 13

PRD 98 (2018) 023014
Astropart. Phys. 92 (2017) 1

Unpublished preliminary results
PRL 84 (2000) 4276; not part of WG, only included for comparison

(Dembinski et al.
Hadronic interactions
working group, UHECR 2018)
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Comparison of muon measurements: 1. Universal reference scale

Step 1: Convert all measurements to z-scale z =

Potential divergence from differences in: energy scale offsets, shower age, lateral distances, muon energy thresholds

det det
In/N by InN p

de e
InNd9et — InN 37;

p, ke

EPOS-LHC QGSJet-11.04 SIBYLL-2.3
Fe ¢+ +
p ™

SIBYLL-2.1 QGSJet-11.03 QGSJetO1

Fe

R

1P

P

Fe
iM

103101071018 10!° 10'310'°10'710'810!° 10!510'¢10'7 108 10‘19-

E/leV

E/leV

E/leV

corrects simple biases;

z,=0and z; =1

—8—Pierre Auger
—8—AMIGA [Preliminary]
——Telescope Array
———IceCube [Preliminary]
KASCADE-Grande
—»>—EAS-MSU
—e—-NEVOD-DECOR
SUGAR“
Yakutsk [Preliminary]
HiRes-MIA

¢ SIBYLL-2.3c instead of SIBYLL-2.3

(Dembinski et al.
Hadronic interactions
working group, UHECR 2018)

34



Comparison of muon measurements: 2. Energy scale correction

Step 2: Apply energy scale corrections (after, experiments with unknown scale not shown)

Absolute energy-scale
still uncertain after

EPOS-LHC QGSJet-11.04 SIBYLL-2.3 relative correction
3]  Points may be shifted
' - coherently by about -/+ 0.25

Still present: possible dependence on shower age, lateral distance, energy threshold

—o—Pierre Auger
—8— AMIGA [Preliminary]
——Telescope Array

———IceCube [Preliminary]
N SIBYLL-2.1 QGSJet-11.03 QGSJetO1 ——-NEVOD-DECOR

SUGAR*

Yakutsk [Preliminary]
--=-GSF

Kampert&Unger 2012°

(Dembinski et al.

_ ; Hadronic interactions
101510'€ 1017108 10" 10'510'©10'710'810" 10'510'010'7 10" 10"  “smyii2scimseaorsmyinas  WOrking group, UHECH 2015)

E /eV E /eV E /CV b updated with Auger 2015 data

and EPS-LHC by the autors
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What is the origin of the muon discrepancies 7
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Air showers: electromagnetic and hadronic components

Meson Baryon
Eo sub-shower sub-shower
Hadronic 1 Electromagnetic
energy energy
2 s 1 1l 7
gEo gEo 30% chance to have

0 as leading particle

2 (2, X Y 1E+1 2 f\\ A
3\ 3 Y 370 T3\ 37 T 7

o o M

0 o TCO ﬁ
0 After n 0 Sé % 5
generations ...
2\" - H\ Decay of /l\
Erad = | 3 Ey Eey=|1—| = Ej leading particle p
3 3 7 )
n=2>5, Eny ~ 12% i i A
n = 67 Ehad ™ 8% p
p

(Matthews, APP22, 2005) Realistic number of generations: 6-7 at 101° eV, 10-12 at 101° eV (Pierog, Riehn)



Cross section do/dxzy (Mb)

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

- == Sibyll 2.1
10° | [ I

| lll T

i
}T
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]

+

NA22 7" p with p, ., =250 GeVc ™

107
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o
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L1 ||||||I

L L Gl

| | | |
0.0 0.2 0.4 0.6 0.8
Longitudinal momentum fraction xy

~
~~~~~~~~
sssssssss

(Riehn et al., ICRC 2015)

1.0

—— Sibyll 2.3

0

Thp - 1 — 2y

_I_

np = p’ = atn

Elab = 250GeV

Cross section do/dzy (mb)

NA22 7" p with pp, =250 GeVc !

-2 | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Longitudinal momentum fraction z

10

XF = D||/ Pmax

Rpo /R,,To = 0.3
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NAG61 results and extrapolation to high energy

NAG61/SHINE preliminary NAG61/SHINE preliminary
0.07
- 0.121—
006: ---EPOS1.99 ---DPMJet3.06 ---Sibyll2.1 ) - ---EPOS1.99 ---DPMJet3.06 ---Sibyll2.1
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S r < 0.08
= 0.04 S -
g>ﬁ - ch 0.06—
o 0.03— = B
(- B
® - = -
- O -
- > 0.02
0'01:_ —e— syst. uncertainties o -
— phase space extrapolation -
O | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L 1 L L L1 L L L L L 111l O | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L 111
10° 10° 10* 10° 10° 10" 10° 10° 10" 10" 10° 10° 10* 10° 10° 10" 10° 10° 10" 10"
E [GeV] E [GeV]
_ : : . 0 . : _
p energy fraction in 7= +C p- energy fraction in 7~ +C

(Prado, NA61, ICRC 2017)



Ratio (Ny)

Air showers: electromagnetic and hadronic components

Center-of-mass energy +/s (TeV)

10 100 Meson Baryon

1.8 | | | L1 1 I | | | | | L1 1 I | | 2 | Sub_shower Sub_shower

— Sibyll2.3  — red. j prod. X =2030 g/cm
1.6 1 . 0. 0 0 E, > 1GeV

' = 1ncr. p°: w0 = red. p° prod.

1.4 5 - 5
19 Factor 1.6 30% chance to have

Proton 6 — 60° NNl (Eq) / NRE(E) 0 as leading particle
1.0 —f=mmmmmmmmmmmmmmmmmmmmmmmmmmmmemmmmmmeeemmmm e mm———————————— J
0.8 IIIII | | IIIIIII | | IIIIIII | | IIIIII| | | L R | -t' .t n_ _

1016 1017 1018 elative energy spectrum 7]

. 2.5
P V) A
rimary energy (V) Proton 67° 2 EeV 2240 g/cm?

2.0 7

Energy spectrum depends
on contribution processes

Model / Sibyll 2.1

0.5 - — Sibyll 2.3¢c — QGSjetll-04
Can be measured with — Epos-LHC

IceCube (~500 GeV) and 0.0 +——+T—T—TrT—— T T

Ratio of energy spectra vs. Sibyll 2.1
o
/

Decay of ‘
leading particle P /\
; X .

IceTop (~1 GeV) 100 10! 10? 10° 10* 10°
Muon energy E;, (GeV)

I 1 II I I 1 II
10° 10’
(Riehn et al. 2017 & 2018)
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Energy spectrum of muons in EAS

Muon energy spectrum in EAS relative to that of Sibyll 2.1

Rho-0 production

Low-energy
enhancement
due to baryon
pair production

\®
)

Proton 67° 200 EeV 240 g/cm?

Al 2.1

)

iy !
I

(Y
N

W
-
I

Model / Sibyll 2.1

Ratio of energy spectra v

0.5 — — Sibyll 2.3¢c — QGSjetII-04
= Epos-LHC
0.0 == B IR IR IR
109 102 10% 10° 108

Muon energy £, (GeV)

Discrimination by lceCube (surface array and in-ice muon data)?

Charm particles
(only Sibyll 2.3,
and Sibyll 2.3c)
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IceCube: discrimination of enhancement scenarios?

Correlation of low energy
muons (surface) and in-ice
muon bundles
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-
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(de Ridder, Gaisser,
IceCube, ICRC 2017)

In-ice muons (~300 GeV)

Surface muons (~1 GeV)
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Outlook: Upgrade of Auger Observatory

15% duty cycle

100% duty cycle

- Scintillators (3.8 m2) and radio antenna

on top of each array detector

- Composition measurement
up to 1020 eV

- Composition selected anisotropy

- Particle physics with air showers

(AugerPrime design report 1604.03637)

2016-09-15: first station in field

Signal/MIP

Signal/MIP

Radio antennas for
Inclined showers

.5 £ Scintillation detector (SSD)
- m—— o|ectrons
- — MUONS
5 —
5 ¢
0 100 200 300 400 500 600 700
t/ns
10 %:Water—Cherenkov detector (WCD)
E_ = o|lectrons
— — MUONS
S E
00 100 200 300 400 500 600 700
t/ns
70 T T T 1 1 1
60 L 10°°EeV EPOS
lron
50 } i
hd)
c 40 | -
o
30 4
- Proton
20 k i
10 F 4
0

-410 -400 -390 -380 -370 -360 -350
Discriminant [a.u.]
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Outlook: pion-proton/nucleus interactions at high energy

Measurement of pion exchange at RHIC, LHC and EIC

p C_ )¢ Pion fragmentation
region in ATLAS

Fixed-target experiment at LHC?

p «—n Leading neutron in RHICS, LHCS

Physics discussed in detail for HERA (H1 and ZEUS)
(see, for example, Khoze et al. Eur. Phys. J. C48 (2006), 797
Kopeliovich & Potashnikova et al.)

Detlection of protons

do(yp — Xn) _ o2

drr dt 1672 (t mz)z F* (t)>< (1 - xL)l_ZO‘W(t)Ufty?(Mz) of beam halo by crystal
L —_
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Outlook: Importance of EIC for cosmic ray physics (i)

—>

Impact parameter distribution of partons

Nl
—=>

e+p—=e+p+J/Y

—

Xy 15.8 < Q2 + M3, < 25.1 GeV?
% S:Sé:
§ I 0 2;6 : )(;?/4< 0.256 OI.8 1 1.2 1I.4 1I.6 88; \\\
Simplified, qualitative view: S * A 1o
O 6 21 0.12 [
<n(2)>n Overlap funCtlon, '§ > _ 1 0.016 < xy, <0.025 gogé
— 7 . ? 'g 4} 0 6 olé ol4V 0;6 08 1 (12 14 16 8'8‘21 \
P =" exp (—{n(b)}) parton correlations? £ | | T T @f E
n ! 5 1.2 1.4 1.6
2 0612
1 0.0016 < xy, < 0.0025 882
Y0 02 04 06 08 1 (12 14 16 8:83
o . 2 1.4 1.6
<n(b)> — OQCD A(Sab) by (fm)
(EIC white paper 2012)

e = [ %Y. P = [ d (1~ exp{~oqcn A(5,5)} )
n=1
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Outlook: Importance of EIC for cosmic ray physics (ii)

T ' L ' L
10°E Measurements with A = 56 (Fe):
- e eA/uA DIS (E-139, E-665, EMC, NMC)
nucleon [ = vADIS (CCFR, CDHSW, CHORUS, NuTeV)
| o DY (E772, E866) _
102 —
N/‘\
%
nucleus .o
S oL P g : s
Al u oo !’o
@) omg - XY
" e - u
- - 102 »
| perturbative” . o =
E non-pertUrbative - “EF - -
Different treatments of effects of 0.1
high parton densities in models 10™ 10° 10° 107 1

(EIC white paper 2012)

Parton density saturation vs. collective effects

Saturation scale depends
on impact parameter (string fusion, plasma), what is more important?



Outlook: Importance of EIC for cosmic ray physics (iii)

Coverage of 900GeV and 7TeV
results in Feynman-X and Py

£900GeV vs. ITeV
with the same PT region

Pt (GeV/c)

0.X

1 do,

(Oscar Adriani, LHCf Collab., QCD at Cosmic Energies 2012)

Feynman or rapidity scaling

XF spectra : 900GeV data vs. 7TeV data of forward particles ?

IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIlIIIIIIlIIllIIII_
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X

e N LHCf Arm1 Photon Like
10° e - E
ITeV - Sy Preliminary E
: o, : (LHCf, ICRC 2015)
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10°F of entries in X, > 0.1) N E : QGSJET II-04 (s=7TeV) =
- Data 2010 at \/s 1TeV (n >10. 94‘*“ T . 1015— C
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Additional (backup) slides

48



Discrepancy in muon production depth

Mean values Shower-by-shower fluctuations
g 700 DATA 45°-65° . C\'l_' 120_ B DATA 45°-65° 4+ A 2017 limi
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2 650 Fe QGSJetll-04 = 100 Fe QGSJetll-04
“~x [ ----FeEPOSLHC A?é | ---- Fe EPOS-LHC
S - Stttk el %5 soF
3¢ 6001 < 8o
- - ° - 82& 5 359 """"""""
- mmmmmmmmmmmmmmmTmTTT - “w..574 359 @ —T===-_____
550 -------"""7°77° 60— >\\\\§§ ot . E==eal
- 859 574 359 242 LI i Py g
_ S SEEEEEEE AN NNCNNRFIRNNS_ SN 47 35 - NN Y
5 OO __ \ N \*\\\\\\\\\\ 40 _—
450 201
400_ 1 1 1 1 1 1 1 1 , O_ L , L 1 L , L L L L L ,
2x10" 310" 4x10" 10% 2x10" 310" 4x10" 10%
E [eV] E [eV]
Model predictions of EPOS-LHC outside of expected range of composition E>15 EeV
0=45°-65
r>1200 m

(Mallamaci, ICRC 2017)
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Updated predictions for the muon number In air showers
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(Pierog 2017)
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NA61 experiment at CERN SPS

Dedicated cosmic ray runs (mm-C at 158 and 350 GeV)

~13 m
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e
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Some NAG61 results

antiproton production rho-0 production
0.2
- NAG61/SHINE ---EPOS1.99
LT 018 0 in w+C at 158 GeV/c ---DPMJet3.06
0.05 P = - __.Sibyll2.1
’ \ 016 — Sibyll2.3
\\\ 014__ — QGSJet”'O4
0.04 NERN QY : —_ EPOSLHC
A M R L 0.12F
cla ® .\\‘ % _é :
ol 003 \\ .\\ - 0 1:_
Q_ \\ ‘\\' >< 008:_
0.2 . S/ . B R TR AN 0.06[
NN 0.04H]
0.01 w+C—=p+X QR 0.020}
at 158 GeV/c NN |
O | | | | | | L1 | | | | | | | L1 n
- 012 EPOS1.99
0.06F- - NAB1/HINE  DPMJet3.06
- [ KY int+C at 158 GeV/c s eto.
- 01— __Sibyll2.1
0.05[ - —_Sibyll2.3
: - —e — EPOSLHC
0.04 0-08_
cCla - cls- [ '
-O -O : 'O 'O __I \\
" 0.03F P 0.06f _+_
0.02~ 0.04 e !
0.01 0.021-
=2 at 350 GeV/c
O" | | | | | | L1 | | | | | | | L1 | O
1 10 10° 0 0.2 0.4 0.6 0.8 1
p [GeV/c] Xg

(Prado ICRC 2017, EPJ 2016)



Muon production depth in showers
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Distribution of muon production depth (MPD)

Two effects used:

1. Muons have wider lateral
(transverse) distribution
than em. shower particles

2. Muons propagate approx.
straight trajectories

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

Early muons

Late muons

VEM
S N WA o

dN /dX [a.u.]
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(Auger Collab. ICRC 2013)
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Log LEGheEs | Los Vioraaos | Loma Amaila | Soiiecos ' SD

Event Info | 1C info ]

1398 TOT 898.1( 1091.9) VEM
1522 TOT 365.1 VEM
1336 TOT 2074 VEM
1923 TOT 179.7 VEM
1331 TOT 1.1 VEM
13390 TOT 56.1 VEM
1366 TOT 45.5 VEM
1520 TOT 42.2 VEM
1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
1435 TOT 15.6 VEM

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; T5

Candidate stations: 24( 20 acc)
E=(6.08+0.21) x 10" eV
S(1000 m) =131.7 £ 4.3 (+3.2) VEM
(6,0) =(59.99+0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

1 stations

o o o o o

:|-_I_l'6|||l|qllllal||lo|||lb||||

InlIlnllInlllnlllllllllllllllll

38 40 42 44 46 48 50
X [km]

llJl'llll

11 1
1000 1200

X,[g em?]

(Example due to Lorenzo Cazon)

C a N W s 00 O N ©® @




LOs LEGHES | LOS WGraaus | Loma smanlla ] Sohiecos FSD

=yent Infa | MC info |

1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
1496 TOT 16.6 VEM
1378 TOT 16.0 VEM
1528 TOT 15.4 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
1919 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS5
Candidate stations: 24( 20 acc)
E = (6.08 +0.21) x 10" eV
S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+£0.01, 52.80+0.03) km
B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km
Fope = 1109.4 m

Q

6||II

QIIIIOIIIIDIIIIIOIIIIIOIIIII

2 stations

36 38 40 42 44 46 48 50
X [km]

‘IIlll"'lll'llll'l1l'[~|‘llll,'lllllll-ll'llll

LT, N

v ol 1
B00 1000

lllllll‘l
1200 1400

X,[g em™]

ﬁ

es | ByHGAENHGE | ARGHELEE))

(Example due to Lorenzo Cazon)
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LOS LEGHES | LOS MOraaous | Loma Smanlla ) Soitecs " SD

=vent Info | MC info |

1533 TOT 23.9 VEM
1498 TOT 158.6 VEM
1378 TOT 18.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 6.9 VEM
1519 TOT 6.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1354 TOT 4.6 VEM

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E = (6.08 + 0.21) x 10" eV
S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km

Fopt = 11094 m

3 stations

o o o o o

-I-llOlIlllqllllallll6l|llb|lll

[P T N PN TN W P NN TR P (NN TR WO T N TN AN U NN U NN O N AN RN R |

38 40 42 44 46 48 50

x [km]
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. ] X, 0,

(Example due to Lorenzo Cazon)
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LOS LEGHES | LOS MOraaous | Loma Smanlla ) Soitecs " SD

=vent Info | WC 070

1390 TOT 36.1 VEM
1386 TOT 45.5 VEM
1520 TOT 42.2 VEM
1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
14398 TOT 16.6 VEM
1378 TOT 15.0 VEM

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS
Candidate stations: 24( 20 acc)
E = (6.08 + 0.21) x 10" eV

o
$(1000 m) =131.7 + 4.3 (+3.2) VEM e e @ °©o o o -
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg Mq4-. ., s & 1460 TOT 6.9 VEM
(x.y) = (43.31+0.01, 52.80+0.03) km L. . .. 1519 TOT 8.7 VEM
B (fixed) = -1.91 (+0.18) 52 -
R =20.59 + 0.57 km - ° e e B &
Fope = 1109.4 m SO0 o o o o o 4 stations

- 0O Lu] Lu] (u] Q
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o o o o o o o o o o
L

[P T N PN TN W P NN TR P (NN TR WO T N TN AN U NN U NN O N AN RN R |
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38 40 42 44 46 48 50 ) + ++
x [km] | +H++ +++
ces | DyrGae(HE| EncaE G| R 1%;:[0 ::“ul:“]

(Example due to Lorenzo Cazon)




LO8 LEGHES | LOS WIGraaus | Loma Smarilla

=yent Info | 1C info |

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; T5
Candidate stations: 24( 20 acc)
E = (6.08 +0.21) x 10" eV
S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+£0.01, 52.80+0.03) km
B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km
Fope = 1109.4 m

A Traces | Bynode(H&E)

Fomuecs S

[u]

-l-llOlIllquIIIGIIIIOIIIIbIlll

lﬁlIlhlllﬁlllﬂlllllllllllll||l|

o o o o

38 40 42 44 46 48 50

X [km]

EHOUE (L)

(Example due to Lorenzo Cazon)

1933 TOT 23.9 VEM
1493 TOT 13.6 VEM
1378 TOT 13.0 VEM
1528 TOT 154 VEM
1935 TOT 11.4 VEM
1460 TOT 5.9 VEM
1919 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1431 TOT 4.3 VEM
1354 TOT 4.6 VEM
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LOS LEGHES | LOS VMOTraaus | Loma Amatll2 ) Coliiecs

=vent Info | W 10T0

1378 TOT 16.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
1519 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
14391 TOT 4.9 VEM
1354 TOT 4.6 VEM
1468 TOT 3.9 VEM
1402 Thr1 2.4 VEM

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E=(6.08+0.21)x 10" eV
S$(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+£0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

6 stations

o o o o
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(Example due to Lorenzo Cazon)




Auger |[ oz LEGTES | e Granne| ara A marilE| \CEHuEEs) SD

Event Info l ME infol

| selection |

1398 TOT 696.1( 1091.9) VEM =
1522 TOT 365.1 VEM
ENIE SRS = T 1396 TOT 207.4 VEM
Time 933708755 s 768757000 ns - - o °© ©°o a4 o o o 1523 TOT 179.7 VEM
| —
3TOT & 4C1: T5 58 — 1391 TOT 61.1 VEM
. . T O 1390 TOT 56.1 VEM |
Candidate stations: 24( 20 acc) L. . . . 1386 TOT 45.5 VEM
E = (6.08+0.21) x 10" eV 56 - 1520 TOT 42.2 VEM
S(1000 m) = 131.7 + 4.3 (+3.2) VEM e e e °© o o Tala NEH S0.0 ¥ EM
540 1456 TOT 37.1 VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg | o o o o 1533 TOT 23.9 VEM
(x,y) = (43.31+0.01, 52.80+0.03) km L . . A 1498 TOT 158.6 VEM |
B (fixed) = -1.91 (+0.18) 92 -
R = 20.59 + 0.57 km - ° =0 s
Fope = 1109.4 m O -« o o o o - 7 stations
- 30__—
48 —_ o o o (a] 255_
o o o o o o = ° o 20_5_ +
46 ot Lo v Lo gl v L L B ++
LI I B B LI I B ) LI I B | L I B ) 1 38 40 42 M 46 48 50 g + + ++ ++
10—
X [km] : + +
& LDF{ LDF Res — i +++ 4
og— + s o #|
LDF and Time Residuals YEM Traces | Dynode (HG) | Anode (LG | I
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(Example due to Lorenzo Cazon)
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Auger | L0 LECHESH LGS UTa i S LG S iiaEillE)

=vent Info | W0 1070

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; TS
Candidate stations: 24( 20 acc)
E=(6.08+0.21) x 10" eV

S(1000 m) =131.7+ 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

Fonuecy ' Sh

y [km]

EO o o o - o o
o o o o o * o o
:_o o o o
o o o o o o
o o o o
r-o_ o o o o o
L o o o o
';' o o o o o
:o o o o
o o o o o o o © o
AT EANEENEEEENERE NTRE EREE
38 40 42 44 46 48 50

X [km]

1533 TOT 23.9 VEM
14393 TOT 13.6 VEM
1378 TOT 15.0 VEM
1528 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
15919 TOT 8.7 VEM
1406 TOT 6.0 VEM

1463 TOT 2.0 VEM

1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1354 TOT 4.6 VEM

aces | Dynooe (i)

EHOAE (L)

(Example due to Lorenzo Cazon)
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Auger | L0 LECHESH EOSHYI Ot Osy Eaa Simaril s COliiECH: 50

=vent Infa | 1C info |

1533 TOT 23.9 VEM
1498 TOT 18.6 VEM
1376 TOT 16.0 VEM
15268 TOT 154 VEM
1535 TOT 11.4 VEM
1460 TOT 8.9 VEM
1519 TOT 8.7 VEM
1406 TOT 6.0 VEM
1463 TOT 5.8 VEM
1423 TOT 4.9 VEM
1491 TOT 4.9 VEM
1354 TOT 4.6 VEM

Event 8123914 :-)

Time 933708755 s 768757000 ns

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)
E=(6.08+0.21) x 10" eV
S(1000 m) =131.7+ 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R = 20.59 + 0.57 km

Fopt = 11094 m

9 stations

o o o o o

fllOlIlllqlllIEIIIIOIIIIbIIIl
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X,lg em’]

X [km]

lllll'llll'Illl'llll'llllllllll'llll'llll

(Example due to Lorenzo Cazon)

| IPTRETRTIN (N7 U7 T W AT ST H T
400 600 BOO 1000 1200 1400

X,[g em]

B




LOS LEGHES | LOS VOraaus

=vent Info | 1AC info |
Event 8123914 :-)

3TOT & 4C1; TS

Candidate stations: 24( 20 acc)

E = (6.08 + 0.21) x 10" eV

S(1000 m) =131.7 + 4.3 (+3.2) VEM
(8,0) =(59.99 + 0.07, 277.85 + 0.08) deg
(x,y) = (43.31+0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)
R =20.59 + 0.57 km

Fopt = 11094 m

Time 933708755 s 768757000 ns

Loma smanla] Somuecor S

.;:58; o o o ® * o o

56 ° °
541,

52!_0_ o o o o o

50 o o s o o
48:—0 o

46:-191||9|||9|||9|||||||||||||||||

38 40 42 44 46 48 50

X [km]

1390 TOT 36.1 VEM
1386 TOT 45.5 VEM
1520 TOT 42.2 VEM
1305 TOT 40.0 VEM
1456 TOT 37.1 VEM
1533 TOT 23.9 VEM
14398 TOT 16.6 VEM
1378 TOT 156.0 VEM
1528 TOT 15.4 VEM
1535 TOT 11.4 VEM
1460 TOT 6.3 VEM
1913 TOT 8.7 VEM

ces | BYHGAENHG | ARGHEEGE))]

(Example due to Lorenzo Cazon)
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Auger | L0 LECHESH EOSHYI Ot Osy Eaa Simaril s COliiECH: 50

=vent Info | W0 1070

1390 TOT 56.1 VEM

1386 TOT 45.5 VEM
ML AL =) T 1520 TOT 42.2 VEM
Time 933708755 s 768757000 ns = - ©° o o & o o o 1305 TOT 40.0 VEM
3TOT & 4C1; T5 =980 . . 1456 TOT 37.1 VEM
. i 1533 TOT 23.9 VEM
Candidate stations: 24( 20 acc) = . . . . 1498 TOT 18.6 VEM
E=(6.08+0.21) x 10" eV 56 - 1378 TOT 18.0 VEM
S(1000 m) = 131.7 + 4.3 (+3.2) VEM e e e °©o o o -
(B,0) =(59.99% 0.07, 277.85 + 0.08) deg 4. . . e o 1460 TOT 5.9 VEM
(x,y) = (43.31:0.01, 52.80+0.03) km i 1519 TOT 8.7 VEM
o Q (u] Q Q u]
B (fixed) = -1.91 (+0.18) 52 -
R =20.59 + 0.57 km - c e ° e i
Fope = 1109.4m SO0 o o o o o 3 11 stations
- 0 Lu] Lu] o o :_'_ 2
48 - :
o o o o o o o o o o X + : +
46 e [P T NN P2 T T P T V= N Y U N T T T O T ':'_ + +
38 40 42 44 46 48 50 ) H ﬂ
0:_ .-
X [km] : + +++
o_:_— + ”+¢ +++-¢'
S | _.5..-|l..|...|‘...|...|-...‘|...1..
aces | DyAGHE (HGE | ARGHE (EGE) %20 40 60 800 fo0 1200 1400

X,[g em™]

(Example due to Lorenzo Cazon)




LOg LEGRes | Los VMOraaus | Loma smarillz

=vent Info | O 1010

Event 8123914 :-)
Time 933708755 s 768757000 ns
3TOT & 4C1; T5
Candidate stations: 24( 20 acc)
E=(6.08+0.21)x10" eV

S(1000 m) =131.7 + 4.3 (+3.2) VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg
(x,y) = (43.31£0.01, 52.80+0.03) km

B (fixed) = -1.91 (+0.18)

R =20.59 + 0.57 km
Fope = 1109.4 m

Eoueco ' SD

1378 TOT 18.0 VEM
1528 TOT 154 VEM

-E- = 1535 TOT 11.4 VEM
x -0 o o 1460 TOT 6.9 VEM
— 58 — 1519 TOT 8.7 VEM
> =] Q Q
i 1406 TOT 6.0 VEM
L L . . 1463 TOT 5.8 VEM
56 N 1423 TOT 4.9 VEM
o o o 1491 TOT 4.9 VEM
54 a 1354 TOT 4.6 VEM
e o o 1468 TOT 3.9 VEM
oo 1402 Thrl 2.4 VEM
52—
: Q Q o
50 'E_ o o -':; 12 stations
48 : Q Q Q E_
ko o o o o o o o o o 20.5— i
46 :— ot oo 0 dav vl v v v by v by by oy | 1‘;';:'_
38 40 42 44 46 48 50 : +
10:—
X [km] : +++
E PR, PP PP 'O (| [T | S LU N
S0 200 400 600 B00 1000 1200 1400
X,lg em’]

(Example due to Lorenzo Cazon)
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Augerl Wej: Leonesl Wej: |"-.-’10r8.d03| [LoHiE Amarillal COIRUEEE] SD lse|ecﬁon|

Event Info | AEHATG|

1378 TOT 18.0 VEM -
1528 TOT 15.4 VEM
Event 8123914 :-) -E- = 1535 TOT 11.4 VEM
Time 933708755 s 768757000 ns = - ° © o o &4 o 0o o 1460 TOT 8.9 VEM
3TOT & 4C1; T5 ®E o o o . & o o ISRy
Candidate stations: 24( 20 acc) B . . . . ® . . . 1463 TOT 5.8 VEM
E = (6.08 + 0.21) x 10" eV 56 - 1423 TOT 4.9 VEM
S(1000 m) =131.7 + 4.3 (+3.2) VEM -7 e ©ooe e e [491 ToT 4.9 VEM
54 - 1354 TOT 4.6 VEM
(6,0) =(59.99+ 0.07, 277.85 + 0.08) deg — o o o @ o o 1468 TOT 3 9 VEM
(x,y) = (43.31+0.01, 52.80+0.03) km - 1402 Thrl 2.4 VEM -
0 Q Q
B (fixed) = -1.91 (+0.18) 52~
R = 20.59 + 0.57 km - C e
Fope = 1109.4 m SO0F o o o
: Q Q o (] Q
48 —
o o o o o o )
"'."'..”'.'-i'.l 46:-1n1||n|||n|||n|||||||||||
[ T T T T T T T T T O T T T S T T | 38 40 42 44 46

* LDF{ LDF Res

LDF and Time Residuals YEM Traces | Dynode (HG)| Ariode (LG)]

llllIl]llIlllllllllllllllllllllll

(Example due to Lorenzo Cazon)
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Change of model predictions thanks to LHC data

pre-LHC models
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(Pierog, ICRC 2017)

LHC-tuned models should
be used for data interpretation
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Hadron production at ultra-high energies:

Change of composition vs. change of hadronic interaction
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Result 2: Unexpected change of mass composition
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_HC-tuned interaction models

~it quality not always good

No iron needed for interpretation
Large proton fraction below ankle
No obvious scaling with rigidity
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Scaled flux E*°J(E) (m2s'sriev'®)
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Chance of composition vs. change of hadronic interaction
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Comparison of order of magnitude
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Toy model: fit of interaction properties
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Black disk limit reached at LHC energies for p-p scattering

projectile

Oprod ~ /dzz _1 — €XP {_ in]:TA (E)}

Example: total p-p cross section 160 mb, then p-air 560 mb
320 mb 630 mb (unitarity?)

LHC: p-p scattering
“black disk” at small
Impact parameters

Cross section largely
determined by geometry
of nucleons in nucleus

Cross section can
only grow at periphery

Rapid increase of transverse size of protons required, otherwise factor of 2 not possible
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