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Ultra-High Energy Cosmic Rays

® Energies above

10" eV or 101° eV

@ Center of mass energies

larger than that of the
LHC = Particle Physics

® Low flux: 1 per

100 - 1000 km? per year

E°AN/AE  (GeV emZsr's™)

@® Acceleration mechanism

not known

@ Sources not known

Have hints...

Theoretical
ideas exist...
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The Pierre Auger Collaboration

17 countries, =460 collaborators

Argentina - Australia - Bolivia - Brazil - Colombia -
Czech Republic - France - Germany - Italy - Mexico -
Netherlands - Poland - Portugal - Romania - Slovenia -

Spain - - United States

B Full members

Associate members




The Auger Site
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The Auger Site
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A surface detector station




A surface detector station

GPS antenna Communications

antenna




A Fluorescence Detector Site

»  Telescopes




A Fluorescence Detector Site




A Fluorescence Detector Site

A
o
i\ -
“
\m & st .*s‘ o )
1 Wl ;




A Fluorescence Detector Site

. A,
r

.l‘ ', » 4 :

B /'f_‘,

f

s

i A
1
j

Aidy’,
Ay P

A _ll




Energy Determination
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Energy Determination
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Constant Intensity Cut

0. [=o<e<2 )

. --26°<0< 38: ;

@ Energy estimator 20| el
depends on zenith 10}
o .

@ Isotropy of Cosmic Rays <"
= Integrated constant "
Intensity i

® Constant Intensity
= Constant Energy

@® S33=S(1000) / CIC(sec(B))
(signal at 38°)
® 38°is the average zenith
angle of events



Constant Intensity Cut

60— CIC(sec(O))|——..;
® Energy estimator T B
depends on zenith ="
@ Isotropy of Cosmic Rays E”
= Integrated constant "*| :
Intensity “l e T
@ Constant Intensity o T e 1
= Constant Energy oo T

® S3s=5(1000) / CIC(sec(B)) ~ ™|

(signal at 38°) N
® 38°is the average zenith =
angle of events
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Calibration curve

Both S3g and Erp are
determined experimentally
@ No dependence on
simulations

R Energy calibration

- 1) i =l improves with statistics
I Not dependent on primary
> particle
—l | | I | | | | I | | | | I | | |
8.5 19 19.5 ~18% uncertainty

lg(E./eV)
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Calibration of different E estimators
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Different Energy
estimators

S3s: 1500m array
0<0<60°

S35: /50m array
0<0<55°

N19: Inclined showers
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® Combine
results
from
different
techniques
and
detectors

Combined spectrum
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Combined spectrum

E[eV]

@ Combine 2 2a5)
results o
From 2
dlffergnt % 205
techniques = ¢ N
and w 23:_ E \ Eante | E\Y - 1
detectors o | 1®=n(z) [”( =) E) ]

- 225 — —*— Auger (ICRC 2015 preliminary) .

17.5 18 18.5 19 19.5 20
IoglO(E/eV)

Spectral parameters: )
Fankie =4.82 £ 0.07 £ 0.8 Eey V1 =3:2920.02

Es =421+17+7.6Eev V2 =260£000
Ay =3.14 £ 0.02



Combined Fit

@ Fit spectrum and Xmax
@® Uniform source model

@ Free parameters:
@ Injection spectral index y
@ Cutoff rigidity Reut
@® Spectrum normalization Jo
@ Mass fractions fa (4 independent)
H, He, N, Si, Fe
@ Propagation
@ Photon interaction: CMB, EBL
@ Pair production
® Photodisintegration

Different models

12



cut
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Fit result
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1st minimum
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2nd minimum
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Combined fit interpretation

@® 1st minimum extended: hard to fix values

® 2nd minimum well reproduced
Too many protons

@® Preferred low Rcut:
Cutoff in spectrum combined effect of
propagation (GZK) and source cutoff

® Mixed composition: conflicts with pure proton,
electron dip model

16



Anisotropy: Angular power spectrum

® Expand anisotropy: moments beyond monopole
@® Ci: Spectral coefficients

14
A(n) — S: S: aﬁm}/ﬁm(n)a

{>0m=—/

Co = Yme—s laem|*/(20 + 1)

@® Combined, global anisotropy estimator

2
DQ o 1 gia:x (Cﬁ,dafca — <C€,iso>>
-/

max ,_1q 0/ iso

Deviation from isotropy
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Angular power spectrum
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Counts

Needlet analysis
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Neutrino detection: Geometry of air showers

\Younger Shower
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Neutrino detection: Geometry of air showers
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Inclined showers
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Electrons & Photons

Interaction point -~

Electrons & Photons

Tau decay :;:!‘"
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Muons

3 3

Hadronic shower:
Old, develops far from
the detector

Neutrino shower:
Early region: young
Late region: old

Note:
1000g/cm? are

~ | Okm at 90°

.« Showers age along

footprint
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Inclined showers

Electrons & Photons

Interaction

i “Slow & broad signal”
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Neutrino limits

Cosmogenic v models

Neutrino single flavour limits (90% C.L.) 0. Fermi-LAT best-fit (Ahlers '10)
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Starts to limit some source models and approach
cosmogenic Flux predictions
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FD photon discrimination
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SD photon discrimination

eeper shower:,o

® MC Hadrons
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Search for magnetic monopoles

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

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

Composition and Xmax

20—
mf—
s— MC of proton
= showers, 10'° eV
oF E
=

B

e

2
AE
mf—

~ MC of iron

- showers, 10 eV
=
W E, A
BE-

6

e

2

R TTR—TY 200500 600 700 00 900 1000

X [g/em’] Xmax ~ In (E/A)

® Both Xmax and RMS(Xmax) depend on

® Energy: Number of generations in air shower

@ Cross-section, i.e., type of primary:
o(Fe-Air) > o(p-Air)
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(X__)lglem?]

Composition

- Auger 2013 preliminary (oo Ng 80 = Auger 2013 preliminary
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@ Indication of a change from light to heavy as
energy Increases

@ Interpretation requires models
@® Observation not compatible with all models
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Mixed composition at ankle: Spread of Xmax

(In A) (In 4)
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@® Correlation Xmax-Signal cannot be Fitted using
pure composition (a(ln A) =0)
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Mixed composition at ankle: Spread of Xmax
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@ Extracted fraction of muons and models
disagree = rescale
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20-
o Auger data (multivariate)
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Risetime asymmetry

@ Early vs late shower
@ Additional propagation for late part
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Models: lack of ability to Fit

QGSJETII-04
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Neutrino followup of Gravitational Wave events
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GW neutrino Flux limits

@® No neutrino candidates seen correlated with
GW events
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Auger Upgrade

@® Lack of knowledge of composition limits the
interpretation of resulkts

@® Separate determination of muonic and
electro-magnetic signal is important

Goal:

@ Determine origin of Flux suppression: GZK or
maximum energy of sources

@® Search for proton component at the highest
energies (» astronomy)

@ Study air showers and particle production at
Ecms > /0TeV
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1) New SD-Electronics

Purpose:
» facilitate the readout of new electronic channels (PMTs)
e faster sampling (40->120 MHz) for better timing and p-identification
e enhanced dynamic range (by adding a small PMT)
 faster data processing and more sophisticated triggers
e petter data monitoring

e design is ready
e prototypes are now
being produced

Karl-Heinz Kampert - University Wuppertal 17 UHECR2014, Springdale (Utah), Oct. 2014



2b) Enhanced Muon Counting: ASCI I

ASCII Auger Scmtlllator for Composition Il

_._._.), Oct. 2014




Conclusions

@ Auger operating since 2004, complete since 2008

® Robust, stable detector. Results:
@ Spectrum: ankle, suppression
@ Anisotropy: Evidence for dipole
@ Competitive neutrino limits
@ Photon limits rule out some models
® Exotics: Monopoles,

@ Muon counting, asymmetries: discrepancy with
interaction models

® LIGO/VIRGO GW neutrino followup (MoU)

@ Upgrade planed

® Extend science reach
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