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Collider distributions: reasonable agreement
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Scaling: model predictions (i)
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Importance of hadronic interactions
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Elongation rates and model features
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Muon production at large lateral distance

Energy distribution of last interaction
that produced a detected muon
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muon number

Electron and muon numbers of showers at ground
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Modification of ratio of neutral to charged pions
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String fragmentation: baryon pairs
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Baryon pairs: enhancement of low-energy muons
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LHC data and model predictions

CMS Expenment at the LHC, CERN

X !
Darfiecocorded: 2010 Jul08 0225.58 15811 GMT(04 ;‘.&{--_z GEST)

Proton-proton event at 7 TeV c.m. energy




Exotic models for the knee

Cosmic ray Eo

Atmosphere
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New physics: scaling with nucleon-nucleon cms energy
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Scaled flux E*°J(E) (m2s'srieVv'd)

LHC data probe the region beyond the knee
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LHC data probe the region beyond the knee
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Charged particle distribution in pseudorapidity

Protons: Eisp = 3 x 10/ eV
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LHC: total energy deposited by secondary particles

CMS data: forward energy flow measured in calorimeter
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LHCf: forward photon production
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Do simulated showers describe observations ?
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Measured components of air showers
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The Pierre Auger Observatory
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Telescope Array (TA)
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Yakutsk air shower array
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Auger event simulation for surface array
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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]
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Auger: comparison of surface detector signals
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TA: comparison of surface detector signals
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P(R), [1/m°]

Yakutsk: direct measurement of muons
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Comparison of surface detectors

Auger: thick water-Cherenkov detectors

(large part of signal due to muons,
large acceptance to inclined showers)

Complementary surface detector arrays

Telescope Array: thin scintillators

(main part of signal due to em. particles,
low sensitivity to muons)
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Tower

2 \.:';_;:r;.\ y“_,‘ s

RENEE TR L - 3

’battery & Electtgnlgs
GPS Antenna

vy

o o, R T -
Sy b -
| = - > > - = 3 & :
o B

s
s

Ve n X
el '

Scintillator Box e

33



Accounting for different sensitivity to muons

Muon component

e Auger: 30-80% of detector signal
e TA: 15-20% of detector signal

| 18.50-19.50, 0°-65° |

5 . = pQGSJETI_
% —= Fe QGSJET I i
B o eros 196 =$= ...............

| 5~ Fe EPOS 1.99
0_4 I | | I | | I I | I I | I | | I I | L1 |

0 10 20 30 40 50 60
Zenith angle

(HadInt Working Group, UHECR 2012)
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loglo( EJ/(m? s'srb)

Accounting for different energy scales

E[eV]
——2x10° 20T 107 20 a0 10% 2?00 e
-10 ;— —e— Auger (ICRC 2011) 10 E=x2 minimization for —e— Auger (ICRC2011) (Ex 1.102)
- elescope Arra E EdN dN —m— Telescope Array (E x 0.906 )
_11"__ —a— Telescope Array = I1E o ~ p y
- v, —a— AGASA - dFE dlog B —+— AGASA(Ex0652)
12F8 = .v v v Yakutsk -12[i—v£lv' (logE < 19.5) —%— Yakutsk (Ex 0561 )
E ¢ % ! AV AY - vg‘!V iRes X
13 e " ﬁvAv ) —6— HiRes I 13 ;_ Ae""i o H.R TEX09D)
— ’ e Ya N —5— HiRes II - e g —H— HiRes I
_14 :— 'D' eDv= . 14 — AD Aﬁqe
15F Bog e i5 Rt
- — oMg |4 T : — . 4 Q i
= Nominal energy scales RYE: 114 : - Reference: (Auger+TA)/2 .% H r
16 of exper - T Pi%le 11
= periments - T $
3 ; 3
17F ! 17 T
1 1 1 1 | 1 1 1 1 | 1 1 | | | | | | | | | | | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 L 1 1
18 18.5 19 195 20 205 18 18.5 19 19.5 20 20.5
loglo(E/eV) loglo(E/eV)
(UHECR 2012,
Spectrum working group) f_Auger f_TA f_Yakutsk
Auger - 0.82 0.50
TA 1.21 - 0.62
Yakutsk 1.97 1.62 =

(UHECR 2012, Hadronic
interaction working group)

Results of all experiments compatible with
significant deficit of muon number in

simulation 35



Learning about hadronic physics from air showers
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Cross section measurement with air showers

Depth of first interaction

Number of charged particles

>

iy
Q

X1 point of
first interaction

probability

3

N

>
—

—h
<
(3]

—
e
ES

0 100 200 300 400 500 600 700

X,/ gcm?

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) 37



Number of charged particles (x1 09)

Universality features of high-energy showers (i)

Simulated shower profiles Profiles shifted in depth

Height a.s.l. (m) Height a.s.l. (m)
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6 - E 8 I :
- ] S 6 =
50 J T or ]
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Stant depth _(g/em’) J: fluctuations of profile shape -

200 300 400 500 600 700 800 900

1000

Slant depth (g/cmz)

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

Selection of protons: select very deep showers

38



102

L [

= %1

- (o]

- (V)

B 3

— o]

E [3p)

= [ig)

_ ({3}

L Q

L .

= o

= )
§IIIIIIIIIIIIlIIIIlIIIIII/\J‘/\II/\
00 600 700 800 900 1000 1100 1200 1300 1400 1500

Probability

Proton Fraction

-
]

—h
=
N

—h
ou
W

—r
© e © Q
> o © - -

o©
(V)

oo

Knay / gcm'2

Cross section measurement:
composition

Simulation for proton showers with
different cross sections:
very good sensitivity of tail of distribution

(Pierre Auger Collab. 1 107.4804)

= ==~ Proton (40%) Example of distribution of

— Helium (25%) . .

- -...CNO (25%) Xmax for mixed composition
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=5 . analysis to enhance proton

- . = . .
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Cross section measurement: self-consistency

400

. iy A, =55.8+2.3 glcm®
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10 $
g (Auger Collab. | 107.4804)
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cross sections, interpolation to measured
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Op-air = (505 £ 224at (739)sys) mb gy
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High-energy frontier: proton-air cross section

Equivalent c.m. energy\'s,, [TeV]

10 1 10 102
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. % enl — — Sibyll2.
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10° 10°
(Pierre Auger Collab. 1 107.4804, Phys. Rev. Lett. 201 2) \s [GeV]
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Backup slides
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Auger Observatory: Composition data

Mean depth of shower maximum

<X pax> [g/cm”

EPOSv1.99
QGSJETO01
SIBYLL2.1
QGSJETII

Proton

oo
n
=

-
-
-
-

R
S
—

-
-
o

Change of cosmic ray composition
from mixed or light to heavy ?

(Auger Collab. PRL 104, 2010, updated: Facal, ICRC 201 1)

750
Fluctuations of depth of shower maximum
700
o . Proton
650 - + + $ +++ - - N
5/ - 1407 ' 998 781 619
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E 40:_ 230 188 + +
Sys. uncertainty: |13 g/cm? (mean) - 3 186
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20 : ------------- EEE PP T Sy T T I P P mr Lol e
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10—
Independent confirmation from -
other composition indicators 0o~ myer — Iul” —
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<x max >

Telescope Array: Composition measurement

850

800 -
750
700
650 — T = Fe VAd —_
- - — Fe QGSJET-01 .
- ==Fe SIBYLL -
| | | 1 | W T Y
18 18.2 184 18.6 I8.8 19 19.2 194 19.6 198 2
log(E/eV)
HiRes Collab. PRL 104 (2010) 161101
850 .
e HiRes Doto
--QesJETOl
~ 800+ —QGSJET-04 e
T R SIBYLL2.1 e
o __ | e
3 750_—
y 700 -
{(/ B
650
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log[E(eV)]

00—ttt
18 18.25 18.5 18.76 19 19.25 19.5 19.75 20

TA data compatible with light
composition (independent analysis)

(Tameda,TA Collab., ICRC 2011)

Note: no direct comparison of
data possible:

* Auger: fiducial volume cuts to
avoid shower selection bias

e TA: selection bias included in MC
simulations, not explicitly
corrected for to increase statistics

e Data still compatible within sys.
uncertainties
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Modification of characteristics of interactions ?

Equivalent c.m. energy\'s,, [GeV]
10° 10° 10* 10°
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* rescaling after event generation
Logarithmic interpolation starting at 10'> eV * separate treatment of leading particle
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f(E) =1+ (f19—1) In(101 eV /1055 oV) e available for different interaction models
\ * shown here for SIBYLL

Modification factor at 10!° eV

(R. Ulrich et al. PRD83 (2011) 054026) 45
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Mean X, .,

[gem™

RMS X, .,

Results for proton showers: Xmax

(R. Ulrich et al. PRD83 (201 1) 054026)

Auger data 2009
920 . * cross section € 850 — QGsJETO1 —
- inlici [ - - QGSJETII SRRt
s00F- = multiplicity 5 - Sibyliz 1 I P
880 LN » elasticity A, 800 — EPOSv1.99 R
g0 M A < I 80 g/cm?
C i o o Vv N
840 . 750 -
820 i‘“: o
800?— __________ a0 !. 700 -
et * . -
7801 . 80 g/cm2 N
760 S TRy 650 |-
- * - -
740 —
'I')n;— 1 1 1 1 L1 1 1 1 1 1 NE 70 :_
110 : i, :m\
= ? x 60 j_'-_----.-._.._____}' SeSsSszizcoioo-torocTTITOT
g :E e {H ----------
: \ X s0f % { { """"""" A
90— \ n -
- '] E - * *
80— . . 40
- i : } 30 g/cm?
o 30 } }
= L) '-—"—"—"—"—"—"-"_"_"_-'_'-_--_--_--_--_--_--_--_-.._.._.,__,_.,_,._, .
“E Ny 208 . ___ s T v
E . P TRV — .. - RS S -
50— B e m W 15 of 2 - iIron
Ceeeee- ,i_..------"'f_-- RN 10_- | 1 PR S T A R A . M
a0 e ° g'cm 10" 10"
- o e E [eV]
30:_ 1 1 1 1 1 1 1 1 | 1 1 1 1
02 03 04 1 2 3 4 5 6
f19
e Variables influence differently mean and RMS
E=10"7%eV (Em=250TeV) e Cross section most important
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Results for proton showers: Ne, Np
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Change of interaction physics?

“c 850 — QGSJETOT
: 3] [ ---QGSJETII
Elongation rate theorem B C Sibyll2.1 Rt _
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(Linsley, Watson PRL46, 1981) 700
650 [
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D4 — 9244 3 g/cm?
Model by Farrar & Allen, UHECR 2012

Restoration of chiral symmetry
Strong enhancement of baryon production
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Importance of correlations for fluctuations

QGSJETO01Iron 10 eV ) No Fragmentation
Realistic fragmentation
Full fragmentation
proton

g

Lt

il ISy

R

-4 Il
10600

750 800 850
Xmax

650 700

— QGSJETO1
----- QGSJETII
--------- SIBYLL2.1

RMS(Xmax) = 29 g/cm?

21 g/cm?
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Nuclear fragmentation is important for quantitative predictions
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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
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Outlook: muon production depth

Shower

Early muon

Late muon
v Detector

5— Total signal
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w3 ;
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(Cazon et al. Astropart. Phys. 23, 2005 & 1201.5294)

dN /dX [a.u.]

20

15

10

(Auger Collab. ICRC 201 1)
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Auger Observatory: upgrade of
surface detector array planned



Universality features of high-energy showers (ii
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(S. Lafebre et al.,Astropart. Phys. 31, 2009)
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Lateral distribution for fixed shower age
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