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Cosmic rays and air showers
First LHC data and the knee

Cross section measurements
using air showers

Muons in air showers at 10!? eV

Astrophysical constraints
at the highest energies
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Ultra-high energy: 102° eV

Need accelerator of size of Mecury’s orbit to reach
10%° eV with current technology

Large Hadron Collider (LHC),
27 km circumference,
superconducting magnets

(M. Unger, 2006)

f

Acceleration time for LHC: 815 years



Scaled flux E*°J(E) (m2s'srieVv'd)

10'®

10'8

10"

10'°

10"°

10"

10'3

Energy spectrum and collider energies

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

102 10° 10* 10° 10°
Elllllf I? | ||||||| f | III¢II| T | | ||||||| | | |||||||
B RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV
. HERA(y-p) LHC (p-p) v HiRes-MIA
= Ao HiRes |
— A HiRes I
P bt - Knee o Auger 2009
- ye&jr Ankle
= .%AAAQ
— 0... ‘AA%
= % ATIC e KASCADE (QGSJET 01) o8os, Aﬁ* e
- & PROTON m  KASCADE (SIBYLL 2.1) *f ¥

o RUNJOB %  KASCADE-Grande 2009 *7(1

*

—

o
—_
w

—

o
—
N

Tibet ASg (SIBYLL 2.1)

10"® 10"

—
o
—
()]
—
o
—_
(0]
—
o
—
~

>

10%°

107

Energy (eV/particle)



Extensive air showers

Longitudinal profile:
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Energy and composition measurement (Ne-N

hadrons electrs 71.00 10 ° sec Proton 10 ' eV
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Monte Carlo simulation of showers
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Energy and composition measurement: shower profiles
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Mean depth of shower maximum (composition?)
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Scaled flux E*°J(E) (m2s'sr'ev'?)
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First LHC data and the interpretation of the knee

Equivalent c.m. energy \'s,, (GeV)
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Exotic models for the knee

Cosmic ray Eo

Atmosphere

A\

Ex ~100 TeV

New physics: scaling with nucleon-nucleon cms energy

log
(Flux)

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!?




Scaled flux E*°J(E) (m2s'srieVv'd)

LHC data probe the region beyond the knee
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dn/dn

LHC: distribution of charged secondary particles

Protons: Eisp = 3 x 10/ eV

| — EPOS 1.99 f p+p — chrg NSD
LA QGSJETII 7000 GeV .

IR QGSJETO1  .o*° e, et e
6

pseudorapidity n

Detailed LHC comparison

D‘Enterria et al. (astro-ph/1101.5596)

Significant improvement
of models expected

LHC: Exotic scenatios for knee very unlikely, model predictions

bracket LHC data on secondary particle multiplicity



Composition in knee region (i)

Scaled flux E*° J(E) (m?Zsec'sr'eV'?)
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Composition in knee region (ii
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First LHC data and the extrapolation of interaction models

Scaled flux E*°J(E) (m2s'sr'ev'?)
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Measurement of pp cross section at LHC

[ Achillietal. (arXiv:1102.1949)

© Data 2010Ns =7 TeV:E > 5 x 10°
Schuler and Sjostrand: € > 5 x 10°
------- PHOJET (Engel etal.): £>5x 10°

A Data 2010V's = 7 TeV: extrap. to &> ma/s
Uncertainty (incl. extrapolation)

—— — Schuler and Sjostrand
---------- Block and Halzen 2011
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[~ ATLAS data extrapolated using Pythia implementation of Donnachie-Landshoff model
|~ with ¢ = 0.085 for do/dg
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10*

\'s [GeV]

CMS 99.7 58.6 58.9 7.3
Q-11-03 65.2 64.6 63.0 62.0 77.5
SYBILL-2.1 71.5 71.0 70.2 69.3 79.6

(CMS, DIS Workshop, Brookhaven)
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oatias = 60.31+0.05+£0.5+£2.1mb

> ‘E\\\;T;,fz___;r;
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ocms =99.7£0.1£1.1£2.4mb

Direct comparison with model
predictions (no extrapolation),
extrapolation strongly model-
dependent



Importance of LHC cross section measurement (i)

LHC: ATLAS Oine = (69.44+2.44+6.9) mb

CMS Gine = (70.843.9) mb (extrapolated cross sections compatible)

logyo (Ejap / €V) logjo (Ejpp /€V)
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Cross section discrepany resolved in favour of lower measurements

TOTEM: total cross section measurement with much higher precision



Importance of LHC cross section measurement (ii
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Extending the cross section measurements to higher energy

Equivalent c.m. energy \'s,, (GeV)
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Cross section measurement with air showers

point of
first interaction

R. Ulrich et al. NJP 1| (2009) 065018

Number of charged particles
>

I A)(IIIaX

\4

Depth X (g/cm?)

Difficulties

® mass composition
e fluctuations in shower development
(model needed for correction)

RMS (X)) ~ RMS(Xmax — X1)
e experimental resolution ~20 g/cm?
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Proton-air cross section for particle production

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

—~ Measurement from
Auger Observatory
(several models used)
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Cross section measurement:
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Cross section measurement: self-consistency
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Conversion to proton-proton cross section
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Scaled flux E*° J(E) (m2s'sr'eV'd)
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Muon production in air showers at ~10'? eV
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Do shower simulations reproduce the observed shower characteristics ?
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Hybrid detection

Lateral distribution

3
10 ! 2/ NDoF: 8.860/ 8

Signal [VEM]

10°

25 | 10
20 | electrons

T TTTT]
—e-

1

em. particles and muons |
I I I I I 1A | I A_A_MJJ_AA_

1 | 1 1 | 1 1 1 1 1
500 1000 1500 2000 2500
r [m]

i

dE/dX [PeV/(g/cm?)]

I BRI R Auger: water-Cherenkov detectors

400 600 800 1000

Telescope Array: Scintillation detectors
slant depth [g/cm?]

Shower longitudinal profile
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Auger Observatory: Study of individual hybrid events

| |
Proton Sim
Energy: (13.8 +0.7) EeV Iron Sim ------

Zenith: (56.5 + 0.2°) Data —e—

2 _ ]
Xpax: (752 *9) glom? X /dof (p) = 1.19
2/dof (Fe) = 1.21

; $ 3 .

Procedure

W
o
|

* Selection of high-quality showers
of ~10'7 eV

e Simulation of 400 showers for each
event with reconstructed geometry

dE/dX [PeV/glcm?]
N
o
|

—
o
|
1

* Proton or iron primaries

L

¢ surface detector simulation for I ! ! ! |

best longitudinal profiles 200 400 600 80(; 1000 1200
Depth [g/cm®]

| ! |
Proton Sim |
RN Iron Sim 4
- Data

Results

* Signal deficit found for both 10° |
proton and iron like showers ;

e Showers with same Xmax show
only 10-15% variation 10! £

* Discrepancy larger than 22% energy

calibration uncertainty - Auger Observatory TR
|

! | ! | ! |
500 1000 1500 2000

(Pierre Auger Collab. 1107.4804) Radius [m]

10°
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Angular dependence of discrepancy: Muon component?

< 0 G :
B} — 20 Muon contribution to detected signal
| - increases with increasing zenith angle
g ZOOIL_ (em. component absorbed in atmosphere)
£ L — 10
D
= '{"s\ - E
£ 400 1! 1.3
= i = =
i — 5 " 8 25 i + |
600 (- e T ] 2 +
_ (x5) 7 9 ) + i
o L
3 a ¢
= \ ., =) ° ®
800 | / 1 S 15+ e
_ | hadrons / z
| (x 100) | P
u 1 1.2 1.4 1.6 1.8 2
1000 ' LA T 1 ' l.l | SeCG
0 1 2 3 4 x10"

particle number

(Auger Collab.1107.4809)

Very inclined showers ©>60°: Sdata/Smc = 2.13 £ 0.04(stat) +0.11(sys)

All results given relative to proton-induced showers simulated with QGSJET 11.03
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Do we have a muon problem?

Muon discrepancy confirmed by independent muon counting methods

Zenith Angle [Degrees]
15 30 45 60

5 5 | Multiv. Method i _N,(Observed) | o .
' Universality —@— “ =N, (QIL Prot) Similar, but smaller discrepancy found by

Univ. Iron  ======~ ' Telescope Array (renormalization of
+ ~27% needed)

* muon signal less important in
scintillators

e showers of zenith angle < 45°

1 1.25 1.5 1.75 2 * energy scale of TA 20% higher than
sec() Auger Observatory

Possible solution: enhanced baryon-antibaryon pair production in nuclear interactions ?

(Pierog & Werner, PRL 101 (2008) 17110)
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Scaled flux E*° J(E) (m2s'sr'ev'®)

10'°

108

10"

10°

10'°

104

10'3

The upper end of the energy spectrum

Equivalent c.m. energy \'s,, (GeV)
102 10° 10* 10° 10°
_Illlf IT I IIIIII| f I Illflll T I I IIIIII| I I IIIIII|
- RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV
L HERA(y-p) LHC (p-p) v HiRes-MIA
= s HiRes |
— A HiRes Il
W¢ - e Auger 2009
- ' "
_ % - .
2 %ff‘éAAA Very limited statistics,
— & ATIC e KASCADE (QGSJET 01) ‘“"033 ﬁ* f| .
L & PROTON = KASCADE (SIBYLL2.1) ‘_} | > strong tlux suppression
o RUNJOB *  KASCADE-Grande 2009 *
= *  Tibet ASg (SIBYLL 2.1) Al
B | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | 1 1] I| |IHIIIIIII
10" 10" 10" 10" 10" 10" 10" 10 102!
Energy  (eV/particle)

Composition from correlations and deflection in galactic magnetic field ?

Composition information from flux suppression ?



Highest energies and GZK energy loss effect

log [Flux/(erg cm 257! 5".')] log(E/eV)

l,‘e -4 o 4 8 12 16 20 Greisen, Zatsepin &
FCESUE L L Kuzmin (1966)
o v -
- ‘Fr §  CMB:Penzias &Wilson (1965) - GZK effect
e ‘“\*, (E)) ~63x107%eV
— T - O
»
= + 7 pY — PpT
oL 400 ph/cm3 A J N
- IR _‘ pY — AT
- URB ;
-4 iy :.. ~ Ay — (A—1)n
_ visible * l\\ —
sl | 2 Ay — (A-2)(pn)
'_ X-rays ? .
- - -
-2} T =
o Y-rays T =
er o E Universe opaque for
SN O R NN SN PO (AN AU BT NP GO SO PO O O AP p/A with E> 102 eV
2 ) -4 -8 12 ~16 20  -24

log(A/cm)
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Mean Energy (eV)

GZK effect as composition selection mechanism

Energy loss length

>

<

Protons

(Cronin, TAUP 2003)

10l 10° 103

Propagation Distance (Mpc)

% (MpC)

10*

102

10"

10°

10"

Energy loss length

10° L

Proton

-] 7€ — -Helum | |
\l ] L I — — =Oxygen | _
~TL ;

E (eV)
(Allard et al. 2007)

Proton and iron suffer smallest
(and almost equal) energy loss
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Anisotropy at the highest energies

Auger Observatory: discovery of anisotropy: 70% correlation (Science 318,2007)

E>55x10"7eV

(Piera Ghia, Auger Collab., A .
parallel session) D @ .
. ; ® . ° Correlation:
-* ............... 3'0 .......... -...'.!_..- @ 38+0007-0006%

Isotropy: 21%
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1
'

of cosmic ray

(Auger, Astropart. Phys. 2010)
Active Galactic Nucleus (AGN) smeared by 3.1°

Note:
e anisotropy only for source distances up to GZK sphere (as one would expect)
e small deflection angle indicates presence of light elements (protons?)
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Auger Observatory: Composition data

850 - —— QGSJETO1
[ - --QGSJETII
Sibyll2.1

- - EPOSV1.99

800

<X mar> [9/6M’]

750

\\IIIIIIIII

700

650

\‘IIIIIII

=\

Sys. uncertainty: 13 g/cm? (mean)
6 g/cm? (RMS)

Independent confirmation from
other composition indicators

(Piera Ghia, Auger Collab., parallel session)

50

40

30

20

10

from mixed or light to heavy !

Change of cosmic ray composition

(Auger Collab. PRL 104,2010) Anisotropy

proton :
x *i;}ih_"""""". Significant
3 i % % . proton
3 { } . fraction
S t 4
:_"‘""‘"—"—"—"—"—"—"-"—"—"—"—'—'-—'-—-u----.-..“.,...._.._,__._._______]
: ciron T T T E
C ! ! T | ! L PR S S a

1018 1019
E [eV]
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Telescope Array: Composition measurement

<x max >

900 T T T T T T |
850} Preliminery T —— TA data.c.omp.atlble with light |
Z composition (independent analysis)
800 |- -
750
200 HiRes Collab. PRL 104 (2010) 161101
s ¢ geond 850 ™ 1iRes Dato
6501 SniEe L — [ ---QGSJETOT e
- =P —Fe QGUETo1 ~ 800 —QGSJET-N e
F | | : | | | i e L SIBYLL2.1 e
18 182 184 18.6 18.8 19 19.2 194 19.6 198 20 ~N 760 |
log(E/eV) © I
Y 700+
(Pierre Sokolsky, TA Collab., parallel session) X :
v
650 -
_ I I I I

00 ! ! I ! ! I ! ! I ! !
18 18.25 18.5 18.756 19 19.25 19.5 19.76 20
log[E(eV)]

Anisotropy:
* no correlation found in HiRes data (smaller statistics than Auger, northern hemisphere)

 current TA data still inconclusive (limited statistics and sky coverage)
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Summary

First LHC data and the knee:
exotic models disfavoured

Cross section measurements:

LHC data for extrapolation,
air shower data at higher energy

Muons in air showers at 10!? eV:
still a serious probelm

Astrophysical constraints
at the highest energies:

very helpful and expected,
but situation unclear right now
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Problem |: Sources must be extreme objects

Hillas 1984: 1012 N Emax ~ Bsz-B-L ||
R B B ]
Emax ~ 101%eV Z B = ) L ]
kpc ? [ |
© 6 - =
o] 10 N |
o [* :
shock 2 [ ]
velocity = 1 | |
size of acc. mag. field 2 i N [
i trength & | N ]
resion SHreng g | Interplanetary SNR ]
L space\ \ alactic _
106 isk =
: Galactic Halo — CIGM
N R I T T N B T I I N N |\\ ‘_
1km 106ka1AE 1pc 1kpc 1Mpc

Size

Black hole of ~10? solar masses

S
2
2
&
Z
0
p
W
o
o
£
£
3
)
N
S
s

Radio Galaxy 3,219




Problem 3: Deflection in magnetic fields

Extragalactic magnetic fields

Typical field strengths:

e proton deflection angle ~few degrees
* iron deflection angle large
* proton astronomy !

Galactic magnetic fields

B L 6x10°eV
3uG kpec  ElZ
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Magnetic fields: Confinement in the Galaxy (i)

log(Flux)

A

diffusion limit
(isotropic arrival direction)

free streaming limit
(anisotropy?)

Observed spectrum softer than injection spectrum
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Magnetic fields: Confinement in the Galaxy (ii

log(Flux)

A

diffusion limit
(isotropic arrival direction)

knee from change in
diffusion regime !

free streaming limit
S (anisotropy?)

>

log(E)

Diffusion: same behaviour for different elements at same rigidity p/Z ~ E/Z
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Magnetic fields: Confinement in sources

SN remnant 1006 Iog(Flux)

Distance ~ 2.2 kpc

20 pc

A

diffusion limit
(isotropic arrival direction)

knee from sources
(acceleration) ?

free streaming limit

~_ (anisotropy?)

>

log(E)

Acceleration: same behaviour for different elements at same rigidity p/Z ~ E/Z
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Origin and physics of the knee

log(Flux)

-
Particle physics:
Equivalent c.m. energy\'s,, A tactor 56
10° 10° 10* ® b g
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: g
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% 10 = 6 RUNJOB Y KASCADE-Grande (pre
- = *  Tibet ASg (SIBYLL 2.1)
» s >
O 17 %ﬁ log(E/particle)
o 10°E
n —
Al |
£ B |
T 107 E E
Acceleration/propagation: -
A factor 26 3
P ’k — E
LHC (p-p) _
bvatron (p-p) =
Fe ¢ .
II| IIIIIII| 1 1111l | IIIIIII| | IIIIIII| | IIIIII| 11l
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log(E/particle) Energy (eV/particle)
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Heitler model of em. shower

Number of charged particles

*)
Ly
| Aem
\ X = n kem

\\ \ E=Ey/2"
\;\\ NLE) ) .
A\ = Shower maximum: E=E.
‘\\ N X
\\\\,\ S
:..‘.‘\' ' gf Nmax — EO / Ec
| ! Xmax ™~ 7‘~em hl(E() / Ec)
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Muon production in hadronic showers

E

E/n Diot =MNch+ Npent

E/(n,J \( ncn)”

n

By (ntot)n (n.p)

Assumptions:
e cascade stops at Epat = Egec

* each hadron produces one muon

Primary particle proton

% decay immediately

TTE initiate new cascades

N, = [ 20 a
a Edec

111 nch

o ~ (0.82...0.95

hl Niot

(Matthews, Astropart.Phys. 22, 2005)
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Superposition model

Nmax — EO/EC

Proton-induced shower

Xmax ™~ 7‘~eff ln(EO)

N Ey )"
— _ () A
3 Edec

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

NA =A—) =N
maz <AEC> ez Xrl?lax ~ At ln(E() / A)

Ey \”
N =A ( ) =A'"N
K AEdec :

0.9
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