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energy
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Flux of Cosmic Rays

12 orders of magwnitude in energy,
33 “ i flux |

1OX UP L energ Y, =500x dowwn tn flux

Highest energy events:
~ 3 X 10%° ¢V

103° eV particles do exist !



There are Coswie Partiele Accelerators
out there, going up to > 1022 ev I

where are theg? How do theg work?
How do UHE particles Lnteract?




Direct measurements Limpossible for € > 107 ev.
Measwure reactiow products of primaries

‘ 1 CR
wn Llarge, natural absorber :  Alr showers —
EAS experiments (with huge detectors) can measure
10*° x siaaller fluxes =
(by sampling a small part of extensive particle showers) /{,_;:'*‘
giving access to  10% x higher energies =
thawn direct measurements. = \
Q many hadronic §
electromagnetic
Lnteractions

undirect detectlon,
but easter to measure




unknown at high energies :

W CR composition (p, He, O, ... Fe, Y,V)

W Energy spectrum

get composition from magwnetic deflections, features i spectrum,
well-understood acceleration and environments
to constrain hadrontle tnteractlons.

m details of nuclear and hadronic tnteractions

Cownstruct an GLY shower model based on

parthLe phgsias data (LHe ..) and reliable theortes.
Extrapolate to the UHECR regime (>10%€ev, very forward)

to Lwterprct CR aomposi’ciow.

¥

Flnd consistent description of pOLEWA i

s 4 s * CRLoWLE P{M
Astrophysies anad Hadvowie physies A VTV | |

stimulta weoung. /—,-.




Possible Acceleration Sites (>1022 ev)

& [ ndytron stars
m 1012 |-
g [
o B I'd ’ I'd
s [ to fit gyroradius within L
= 10 ,
= [ and to allow particles to
= T diffuse during acceleration
1 F
[ But also:
L radi I |
: lo galaxy energy gain shoulo
[ galactic be Larger thaw Losses
106 |-
[ L 11 111 Lt 11111 11
1 km 106 km 1 pc 106 pc
Size L
Michael Hillas

No obvious candidates.



Highest Bnergy Particles are not deflected much !

L.e. CR start pointing back at sources

"Charged particle astronomy”
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. and sources must be close for € > few x 109 ev.

P 3K photon in lab
._, <N
10%° eV J\N\({;}mev SyStem
® <YWW In p rest
0eV 300 MeV  system
0o 7Y

+
pty,— A —p+n
—> N + J'|;+ Y
S6Fe + Ya — 55Fa +n |V photo dissoctation

photo - piow proolua’ciow

greisen (1966)
Zatsepin § Kuzmin (1966)

Universe becomes opague for € > few x 109 ev.



The PLerre Awger
Observatory

"what is the origiw of the

Ultra High Bnergy Cosmic Rays 2"
(WHEBCRS: > 10® V)

Measwre them with wnprecedented
statistics and quality.



where do UHECRS comue from?

what are thca?
How are thca accelevated?

Does thelr spectruim ena?
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/ _angle of
incidence

Extensive Alr Shower:

Lndirect measurement,
shape and particle content of showers

Auger: Hybrid Detector

measure extensive atr shower with:

24 Fluworescence teLesoopes — | |
30° X B0° FoV, 10% dwcg cche, k L

, fluorescence detector

9000[ 6V\18V9ﬁ VﬂSDLMﬁtLDV\/ with fired photo tubes

array of 1600 water Cherenkov detectors
— -

[ 1 [ /L [

L l\g"\‘:

\/

on 2000 kw2, 100% duty cycle, renkov \
N P
SD impact point

well-knowwn aperture




Auger South
(1400 m a.s.l.,
35.2° S, 69.2° W)
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Auwger Layout
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S M.Y‘fa ce arra 5 >1600 tanks deployed over 3000 Rim?

triangular grid, 1.5 R distance,

(Water cherenkRov deteOtOYS) 2 PMTs, read out at 40 MHz
solar powered, = 10 W

COMMUILNLCAELONS GPS

.

4 tanks

L a line :
electrontes
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CR arrival direction = air shower direction
from arrival times at each tank




S (VEM)

10°
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! 600 800 1000 1200 1400 1600 1800

core distance (m)
S(1000) is a good SD-only parameter to estimate the energy.
E as function of S(1000): either from MC
or from cross-calibration with 7.



some of the highest-energy S events:
near vertical tnclined

E=167x10°eV 0 =14° E=037x10°eV 0 =74°




filter and Schmidt

L aperture with shutter,
| corrector Lemses
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SD only FD only

angular resolution 0.2°
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olden hy brid event




Shower seen ba the

array and all 4 Fbs
E=F#x10Y eV

a “Platlinum HY byrid”
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a truly black tank
(... after a grass fire)




Som.t Reswlts:

—  Spectrum

—  Arrwval directions

—  Cowmposition

— Particle Physics at >10*F ev

pata untLl Dec. 2010
~ 21000 Rm>2 Yr sr

~ 3.2 full-Auger Yrs



pa rticle flux
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stratght forward from FD

(but FB only active for 10% of time)

moolel dependent from SD

(SP active for 100% of time)

get energy calibration from FD

for high statistics from SD

ollrectl,g from size of SD

(above zx10€ eVv)
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Energy spectrum

El[eV]
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Extension to lower energles with the infill array

E[eV]
63x1017 10" 2x10'® 10 2x10” 10 2x10%
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Exposure of infill array: =26 km?sr yr



Auger Telescopes
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Does Auger see the GZ K cut-off ?

GZK cut-off: Lf  CRs areprotons
power-Law spectrum at source > 102° eV
SOUrees are uwi\/ersaLLg distributed
then  depression of flux at = few x 109 ev

(Also nuclear primaries would be absorbed,
but not quite tn the same way....)

. Soprobably: yes  i.e. CRs are Likely protow rich

Alternatives:
maximum energy of accelerator ?
effect of a Local source ?

Is ankle the transition point between galactic ano
extragalactic CRs ?

.. need wmore info on COMLPOSLELOW. ...



Awnisotropy - Sowreces (?)

Highest Bnergy Particles are not deflected much !
L.e. CR should start pointing back at sources.

10**19eV 10**20eV
. i 1 . e
il 0 - L
_— I!-- _— _— O
£ : g
- | b | b
—1II--— II--— — ]
| | Pow 4 pop | i |
1D 1] 10 -10 () h[5] 10 o g [5]
¥[kpc) E[kpc] K[kpc

deflection < 1°

Astronomy with charged particles ?



Auger events
with € > 10% ev

No enhancement along galactic disk: UHE particles are extragalactic.
Clusters? Polnt sources? Large-scale anisotroples? Correlations with source populations?



Large——swl.e awisotmpa : E>5x10Vev

Transition galactic - extra galactic shouwld induce
change in large-scale angular distribution of CRs.

Fourier Analysis of event arrival tumes
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E>5x10Y eV

2 complementary analyses: Generalised Ra 3Le£9h Methoa
East-west method

both erase - wow—uwi{ormi’cg L acceptance and

- weather effects
amplitudes
Energy range Ayleigh anal& E-W method upp.limit (%]
[EeV] lsd[%] | Prob [%]| Tsoll%)] | Tlasid[%] | Tsid[%] |Prob [%]| Fso[%] | lasid[%] (95%c.l.)
all enegies 0.49 19.3 0.29 0.25 0.86
0.2-0.5 0.25 84.2 0.52 0.46 0.91
05-1 1.08 48 0.75 042 1.72
1-2 0.92 1.5 0.81 0.8 0.78 49.5 1.1 0.65 1.39
2 -4 0.83 427 1.01 0.73 1.66 459 1.57 1.6 1.71
4 -8 0.77 84.7 248 1.84 5.04 18.2 2.49 5.61 2.82
> 8 542 3.1 3.95 5.13 2.76 79.5 452 3.81 8.42




uY@C"SOﬂLB AWLSOtV&Pﬁ - Fourier analysis of arrival times
- Generalised Rayletgh Method

- East-west method

_l Lol Lol Ll Lol Ll Lol L]
5 E
O Z diffusion tn
Q . turbulent gal.
O -1
_ 1 0 = ﬁCLdS
© : V=T
B _ - .O'Tn - ! -
..g 10_2 _— -V|_ Auger —_
O - -
L - Compton-Getting effect
: (C,aLaxg VS CMBR ollpol,e)
107 - 3
1 regular gal. magwetic fields -
10

Energy [eV]

Limits close to / Lower thaw some predicted antsotroples.
Morve data will give an anisotropy signal or model constraints.



Awplitude vs Phase ?

For a real awi.sotropgz

Consistency of the phase measurement
Ls expected with Lower statistics than
the amplitude to significantly stand
out of the background. () Linsley, 1975)

100 3 3 3 A l IIIIIIIIIIIII l - - & i U 1 Ao A Ao A L ) S S — l A A Ao A l A ) B S l Ao Ao A J A Ao A A l A A
R o

;: —s=0 :5 | —s=0 L
a = s=1% o 0.6- —s=1%_
§ 0.4-
0.2-
— —_ 0
0.04 0.05 -150 -100 -50 O 50 100 150
Amplitude P[]

Phase Ls =2.5 x more sensttive than ampLLtuole.



Swooth transition in RA from 2370° to 90°

chawce proba loLLLta: 103 (a posteriori)

180 —————————————————————12h
__ Galactic Anti-center . _
90 +"‘“18h
_ /- ----- 0 i
0- + “ -0h
270 . + ........... Galactic Center 6h
O
_ I East/West analysis [
180 I o ””I:I%aylelglhaqalysqs' 12h
0.2 1 2 345 10 20

E [EeV]
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Isotrople ?  Clustering ? Is Cen A a source ? ...
How to quantify ?
No enhancement from galactic disk. Extragalactic origin!



:2—poiwt correlation fuwc’ciow
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Correlation of CRs with sowree population :

vary: max distance to source
max dise around sources

min CR energy ... to correlate CRs with AGNs

, , , 320 \ h oad
AGNs with disce stze R cover e \o
a fraction p of the sky ‘ o |

(exposure-weighteol) . 3 . 0. } e:. 9 =%

'Probab'utitg P to find k or more i . // S
of N random CRs ; /
Ln the area around the AGNs | -

N /NN . N
Pe= ; p’(1—p)™
=l

‘PzO.:Zi



AGN with disc size R cover a fraction p of the sky.
(exposure-welghteol)

Probability P to fund k or more of N random CRs
Ln the area around the AGNs

N
e (Y-
= J

‘PzO.ZZ:L



1. )an 2004 - Qé.Maa 006G

r'd
scan: 15 evts, 12 correlate with AN (2.2 e)qn.) for _R<=2.1° z < 0.018, € > 56 EeV

no scan: 13 evts, g corvelate with AGN (2.7 exp.)  wndependent sample
AN

-3
RF.May 2006 - 31.AuUg 2007 P < 1‘? X 10 total data: 1.2 Auger-years

UHECR 'Lsotropg rejeated with > 99% confidence level,
are of extragalactic origin.
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Correlation of the Highest-
Energy Cosmic Rays with
Nearby Extragalactic Objects

Auger Collaboratiown,
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&9 Highest Bnergy Bvents >55 Bev  (Dec 2009)

nearby AGNs

CosmlLe RAayYys

update of the corvelation of the highest energy cosmic rays
with nearby galaxies (V-C catalog).


http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf
http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf
http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf
http://www.phys.lsu.edu/~matthews/publications/papers/harari_updatedcorr.pdf

-&— Data

[6s8% cL
[Jos% cL

[]99.7% cL

correlating fraction
S
n

02 = mi— uiils uiiie =iis =i =i =i

LS otropy

10 20 30 40 50
Total number of events (excluding exploratory scan)

parameters fixed a priori: B > 55 €eV, P < 3.1°% dua = F5 Mpe

chawce probability
for Lsotropie distribution
to give this result: 0.006

+O0.0F
-0.06

current stgnal:  p = 0.38



SWLt-BAT

58-mownths catalog,

(uniform, haro X-ra Ys
261 Seyfert galaxies)

d < 200 Mpe

wetghted with X-ra Y flux,
rel. exposure, GZ K effect
5° smoothing

UHE CosmiLe ra Ys are
— not Lsotropio
— of extra-galactic origin.

UHECRSs come from
“nearby extragalactic matter”

~30° clustering  (protons ?)

Frequency
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60000
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40000

30000

20000

10000

[ Swift-BAT -

2.2 -2 -1.8 -1.6
Mean log-likelihood per event

data
Lsotrop Y
model



This result Ls suggestive of
primary protons and a GZK cut-off:

deflection i gal. mag. fields @ 60 Eev: small for protons
big) for tron
corvelation only with nearby AGNs



Distance: CR - nearest AGN (Zz<o.01%)
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Distance: CR - Supergalactic Plane

50

10
@ e
o 0
u>J o
20
B : — Data
B E ---Max D,
‘- N : — Isotropic
~68% C.I.

Ollllllll|lll||Illllllllllllllllllllll

0 10 20 30 40 50 60 70 80 90
D]
SG



Dlstance: CR - Cen A

40 I | L I I I I |
68% isotropic m——
95% isotropic mm——

35 99.7% isotropic

30

29

20

15

Number of events

10

-

-
—
-

0 o 10 15 20 25 30 35 40 45
Angular distance from Cen A (degrees)

4% chawnce prob. for isotropic distribution



compositiow

OPtiOWS: (stable pa rticles)

plnotows ?

shower shape is different from expectation for photons
(electromagnetic tnteraction is well Rnown; RQED)

neutrinos ?
showers do start near top of atmosphere

neutrons ?
from wnearby galactic neighbourhood



Photow. LLmeits
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Lmproved Limits at Lower energies,
approaching the region where GZ K vy are expected.




E? (E) [GeV cm™? s sr]

E? g(E) [GeV cm? s7]
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Composition
OPtiOWS: (stable pa rticles)

nuelel :

Showers Look Like showers from. p and nuclei
at lower energies, ... just much larger.

P..HEe...O ... Fe 3
— === the owLa nuclel to survive X, \.
Long travel to earth O\},\’ 0&\,
AR
N X
0~9 Y
\I\'Q’Q’ ,(g,‘(? .



Nuelear Compostition

Xouax: Netght of shower maximum
Xppax A0 RMS (Xuax) Are MLASS Sensitive

FD:

“E - EPOSv1.99
S g
o0 8501 QGSJETII
A
>
V
750 same E/A
same X, ax

700

Rink, change
of composition?
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Xax:  grows with Log (€)

P penetrate deeper, Larger X ax
Fe: develop earlier, smaller X ax
difference about 70 g/cm>

Xoax (P) fluctuates much more than X, . (Fe)
RMS Xpax (P)) = 60 g/em®  RMS (Xpuax (Fe)) = 20 g/cm?

largely due to Oine of primarg particle.
1 Fe = 56 protons of E/56



100 proton showers, 109 eV
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50 lron showers, 10Y eV
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Xoppax RMS (Xyuax)
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model dependent

) ) whatever we do to models
Lnterpretation

(within Limits),
data do ot fit to E<4x10Yev

primarg proton sLms.

If one trusts the models,

thew composition turns heavier
(but the two plots are not consistent)



What if CR are protons and physics changes?
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Conaposition wis-mateh ?

Spectrum: GZK cut-off ?
Awisotropg: correlation with wearbg matter

Co WL‘POSLtLO Ww: Xwmax, SP VA riables

)

9

log ( E*J/(m? s'srleV?)

2

E[eV]
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P dominated ?
(E > ex10Y ev)

mixed/ heavy ?

(E < 4x10Y eV)

7

strongly
moolel dependent

Need hadronic interaction models to be modified ?
we start to do partich ph 55&03 at > 10 ev.



Protown-ALlr Cross-Sectilon

.. from tail of Xax distribution
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Proton-ALr Cross-Sectlon
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PP eross-section (ustng glauber model for conversion)
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LHCf: T° production at 0°
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models to be wmodified ...



— Much more data from LHC / RHIC expected.
— Modlel to be revised for a better extrapolation to UHE

— further analysis of Auger data
— extenstons for more info per event

... for a better overall description of
CR composl’ciow and hadronte tnteractlons.



ExotiLes:

Auger Scaler Rates: reao out for monitoring
/

15 May 2005 Forbush decrease

385

Los Cerrillos rate [counts s™')

Neutron-Monitor

Average Auger SD scalers -
Los Cerrillos (Chile) 6NM64 —

Auger scaler rate [counts ™' m2]
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Days since 13 May 2005 00:00 UTC (Period |)




ExotLes:

Auger Scaler Rates: reao out for monitoring

p
Chile Feb. 2010 earthquake

— 10 s average

194.5 \
194.0 4
0
propggation of seismic S+waves d rop
193.5F 4

Decrease in the scaler rate
27 Feb 2010i06:35:44 zUTC

193.0} A
Chile 2010 Earthquake W\[MN

27 Feb 2010 06 34:14 UTC

Auger scaler rate [counts ' m 4]
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Time since 27 Feb 2010 06:00 UTC [minutes]
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Suw.nm.a ra:

Auger is taking high-quality data at > 1077 ev.

Spectrum: ankle and steepening seen at = 4 x 10*¥ and = = x 109 ev
with model-independent measurement and analysis
lnterpretation requires knowledge of composttion.
Avrival directions:
CR are extragalactic
Correlation with nearby watter for € > 55 €eV,
Mass composition:
wpper Linmeits on photons, neutrinos, and neutrons
reduced fluctuations at =2 x 109 eV mixed / heavy composition?
with current models, but...

Particle Ph gsics (at >10%% eV):
P-air, p-p cross sectlon @ 2x10*€ eV
Hadrownic interaction models in CORSIKA need adaption ...
More muons § ground stgnal needed for same fluorescence Light
Auger results and wew collider data constrain shower models



what next ?
Auger-South will provide a few wuore years of reliable
experimental data § a solid basis for future work.

3000 kw2 turns out to be still too small for the highest energies.

qood test environment for alternative technigues
(MHz, gHz Radio detection of BAS, atmospherie physics, ...)

OPethow at least until 2015  (total: # Auwger 3cars)
thew prolongation (?)

a next step? > 30000 Rm> 22?7 wnew, cheaper technigques needed. tdeas?
Radio detection of air showers not quite ready yet.

CRs, V from space: >3 x10° km2sr, launch in 201472
Jem-EUSO on 1SS, 400 km alt., >10° Rm>
CROS satellite, 400-200 kw alt. ~10% km?=



The Enad



