The Puzzle of
Ultra-High EBnergy Cosmic Rays

... and Recent Results from the
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Astroparticles: particles from astrophysieal sources
.. The highest energy particles wn the universe.

Energles: ReV ... MeVv ... Gev ... TeV ... PeV ... EeV ... ZeV
10% ...10% ...10% ...10%2 .. 1015 o’-g 10t eV
5
’ I 4 I 4 ’ ?.
CosmLe Rays: P, He, .... Fe, ... fuLLg tontsed nuclet, £
—— ) .....
CLCGtVOV\/S ) ..........
Photows: classical astronomy + mgh energy y-rays
Neutrinos: astrophgswal,v (solar, SN, AN, ...)

There are Coswale Partiele Accelerators out there
that go up to > 107° ev !!
what/where are the accelerators? \wWhat are the CrRs?



CosmLe RAaYys, Gamma Rays and Newtrinos are Lunieed

/ t V
p,He,...Fe—> \e +\/ + V
7t° U
CRs can be accelerated \ Vs travel straight,
in electromagnetic fields, YY but are very

but are deflected in mag. fields. diffieult to detect

Vs travel in straight Lines,

but can't travel far

at high energles
polnt back at souwrces
“astronomy”



As  Cosmle RAYS exist, |
also 'V and Y must exist

at stmilar energties.
W a———— ——————

But can they be detected above backgrounds ¢¢7¢

Y : >1000 X more cosmlLe rays
V : very low Lnteractlon cross sectlons,
atwmospheric V background
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UHECRS require f

the most powerful accelerators ...



Direct measurements timpossible for € > 10*° ev
measure reaction products of primary
tn Large, natwral absorber :  Alr showers f}

tndirect, but
easter to measure

many hadronic §
electromagnetic
Lnteractions




Atr shower experiments

- allow measurement of 10*° x smaller fluxes

(bg sampling a small part of extensive particle shower)

- give aceess to 10° x higher energlies

thaw direct measurements on satellites or balloons.




unknown at high energies :

m elemental oomposi’ciow
u energly spectrum

m details of nuclear and hadronte interactions

Construct an ALy shower model based on rellable

particle physies data and theories at lower energles.
Extrapolate it to the UHECR region.

Find consistent description of all points (m) simulta neously.

Requires some tteration ...
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particle physies data and theories at lower energles.
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Highest Bunergy Particles are very rave ...

... but they are not deflected much |
They should start pounting back

at theLr sowrces

"Charged particle astronomy ?"
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. and sources must be close for € > few x 10V ev.

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

+ 0 7Y Photo-pion
+ v, —> — p+n
P ¥ Y3k A P production

+
—> N+
56F @ + — 55F@ + n\\’ P.hOtO. |
Y3k dissociation
greisen (1966)

Zatsepin § Kuzmin (1966)

Universe becomes opague for € > few x 109 ev.



The PLerre Auger
Observatovgj

"what is the origiw of the

Ultra High Bnergy Cosmic Rays 2"
(UHECRS: > 10Y ¢V)

Measwre them with wnprecedented
statistics and quality.



where do UHECRS come froma?

what are thca?
How are theg accelevated?
Does thelr spectruim ena?

J

|

/ _angle of
incidence

Extensive Alr Shower:

Lndirect measurement,
shape and partLoLc content

Auger: Hybrid Detector

measure extensive atr shower with:

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

, fluorescence detector

9000[ eVbeV@g VCSOLM.tLOV\« with fired photo tubes

array of 1600 water Cherenkov tanks \ -

[ 1 [ /L [

L l\g"\‘:

\/

on 2000 kw2, 100% duty cycle, renkov \
T B G ., @
SD impact point

well-knowwn aperture
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nwauguration Nov 2008 the “founding fathers”
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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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hybrid

SD only FD only

angular resolution 0.2°

independent of

aperture
P E, mass, models

independent of
mass, models

energy

Shower

//////// ;

Zenith

o
{
4
7.

=

i

3

i3

Impacf Point

independent of
E, mass, models

|-2° 3-5°

dependent of
E, mass, models and
spectral slope

dependent of independent of
mass, models mass, models
135
: ' |Mono
n_ =X B Hybrid
125

115

1 } : ' 1l | :
0 25 30 33— 40 a5 S0



golden hybrid event

3D reconstruction




20 May 2007 € ~ 10Y eV
Shower seen bg the arvay and all 4 Fbs
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a truly black tank
(... after a grass fire)




Reswlts

- Spectrum

- Awnisotropy

- Compostition

- Particle Physics at 109 eV 7
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\ The Auger range ...

ankle /3#

(> 1/Rm=2 centur !

1 19 20 21
10 10° 10 107 10" 10° 10* 10

4 energy (ev)

LHC (coll.)

with a furm prediction of a
spectral featwre:
the QZ K cut-off



greisen (1966)
Zatsepin § Kuzmin (1966)

GZ.K Cut-Off

D 3K photon in lab
= S AVAVAVAVAV
102° oV 0.5 meV _SyStem
® <YWW In p rest
0eV 300 Mev  system
o 4y, o At 0 + 70 Y Photo-pion
3K + production
TN Photo
v
S6Fa + Y —> >Fe +n dissociation

Universe becomes opague for € > few x 109 ev.
beyond this: Seourees muust be close !

If sources are universal: eut-off bn CR spectrume.
Test of Lorentz Invariance for =10t |



greisen (1966)
Zatsepin § Kuzmin (1966)

GZ.K Cut-Off

P 3K photon in lab
._, N
10%° eV J\N\Of.;}mev SyStem
® <YWW in p rest
0eV 300 MeV Systerr}

’ 4 ‘(
Unive: M"W\ﬁ . U . 1or € > few x 109 ev.
bey DA v meust be close !
If sov. W niversal: eut-off L CR spectrum.
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t- A€

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

olirectl,g from size of SD

(above zx108 eVv)



Energy spectrum

loglO(E/ eV)
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o ankle: (#) O4ys(E)=22%
ZI [ = 4 x 10*% eV ! e +
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1037 - "/Q 0
- ® Auger . >10%° eV:
L power laws 1 evt/min
; . ow surface
~ —— power laws + smooth function
of Earth |
| I | | | I . I | | | L1 1 11 l | |

1018 1019

Auger finds "ankle” and a clear (20 o)
spectral steepening at € = 2.9 x 109 ev.

Energy [eV]

12790 km? sr yr = 2 full-Auger years
zewith angle: 0-60°



There is a cut-off ... but is it the GZ K cut-off ?

GZK eut-off:  Uf CRs are protons
power-law spectrum at source > 102° eV
sources are universally distributed
then  depression in spectrum at Earth at ~ few x 10%9 ev

Alternatives:

Also nuclear primaries would be absorbed  (but not quite in the same way)
mixed composition with stmilar cut-off ?

maximum energy of accelerator ?

The cut-off is suggestive of protons

(but mixed composition cannot be ruled out)

we need wore info on COMPOSLELON ..



There is a cut-off ... but is it the GZ K cut-off ?

GZK eut-off:  Uf CRs are protons
power-law spectrum at source > 102° eV
sources are universally distributed
then  depression in spectrum at Earth at ~ few x 10%9 ev

Alternatives:

Also nuclear primaries would be absorbed  (but not quite in the same way)
mixed composition with stmilar cut-off ?

maximum energy of accelerator ?

Hint 1

The cut-off Ls swggestive of | protons

(but mixed composition cannot be ruled out)

we need wore info on COMPOSLELON ..



Awnisotropy

Auger events
with € > 10% eV

tgp accumogz < 1°

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




- Fourier analysis of arrival times

LRVQC-—SOGLG AWiSOtYUpa - Generalised Rayleigh Method
- Bast-west method

1:II 1 lll I III I 1 II 1 lll I lll

01 AGASA T i E

® o 5
2 N l _
o B Auger
o 0.01 | T ' :
0 : s
E B 4
o Compton-Getting eﬁfeot
LLJ

0.001 | .

~ gal. magwnetic fields
00001 - Ll - L il L | L r o

1e+15 1e+16 1e+17 1e+18 1e+19
Energy [eV]
Limtits close to prediated awisotropies.

More data will give an anisotropy stgnal or model constraints.

le+14



&9 Highest Bnergy Bvents >55Bev  (Dec 2009)
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Isotropie 2 Clustering ? ... how to quantify ?
s Cenn A a source of UHECRS ?



Corvelation of CRs with souree poPuLatiow ¢
(1t trial: wearby AGN from the 12 vC-V catalogue)

vary: max distance to source
max dise around sources

min CR energy ... to correlate CRs with AGNs

e 20 L.
AGNs with disc stze R cover R ‘.
a fraction p of the sky | ¢ |

(e)q:osure-wcig hted) . . . e 0 _____________ f .. _________________ -,

'Probabititg P to find k or more i . // S
of N random CRs ; ;2
Ln the area around the AGNs | /% 8



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.



9 Novermber 2007 W

SCICIICC

AVAAAS

Correlation of the Highest-
Energy Cosmic Rays with
Nearby Extragalactic Objects

Auger Collaboratiown,
Sclence 318, (R00F) 938



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

deflection L galactic magwetic fields @ 6o Eev:
small for protons
big) for tron

correlation only with nearby AGNs



This result was suggestive of

primary protons |and a GZK cut-off:

Hint 2

deflection L galactic magwetic fields @ 6o Eev:
small for protons
big) for tron

correlation only with nearby AGNs



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

Update on the correlation of the highest energy cosmic rays with nearby extragalactic matter
Astroparticle Physics 34 (2010) 314


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

1
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Total number of events (excluding exploratory scan)

+O0.0F
-0.06

current stgnal:  p = 0.38

P. Abreu et al. / Astroparticle Physics 34 (2010) 314-326
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Distance: CR - Cew A
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58-months SWIt-BAT catalog, o < 200 Mpe

wetghted with X-ray flux, rel. exposure, GZK effect 5° smoothing

0.5

2MRS vol selected SWITt-BAT
1940 brightest from uniform, hard X-ray
2MASS cat. 261 Seyfert galaxies
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AGN correlation (as defined tn Sclence paper) has weakened.

New data do not strengthen the case for anisotropy,
but they do not contradict the earlier result elther.

Other catalogues / analyses confirm anisotropy and
the correlation of CRs with “nearby matter”

movre data needed to tdentify actual sources...



Comvposition
Options: stable particles

plaotows ?

shower shape s different from expectation for photons
(electromagnetic interaction s well Rnown; RED)

neutrinos ?
showers do start near top of atmosphere

Showers look Like showers from p and nuclel
at lower energies, ... just much larger.

P-- He ... O ... Fe



Photowns

FD: measure X, ax

photons MAAXLVALSE deeper than nucelet
protons MLAXLMLSE deeper than LYOWn
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most top—oloww models are ruled out,

Limtts 'merove with statistics.
Astrop. Phgs. 21 (2009) 299
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Newtrino detection with Auger

nearly horizontal showers :  atwmosphere » 1000 g/cm?

“Fast & narrow signal”

45

:

4

wo el.mag., only muons Electrons & Photons ssE-
plane shower front, 3E-
’ ’ ’ 25

sharp arrival time dist. Muons -
Interaction E

point o; 5

9.45 1
P e e e ' e

full el.mag. component,
curved shower front,
broad QYYL\/QL time dist. Interaction point/

Electrons & Photons

Muons
i “Slow & broad signal”/ o v

Electrons & Photons

(8]
n
IIIHIIIHIIIIHIHHI

-
1]”]

.l][l

decay_,

Muons /‘\/

PRL 100 (2008) 211101
horizontal WEULKLIND showers Look Like CR showers after ~ 1 atwm



T neutrinos have distinctive stgnatures:

- enhawnced rate from Andes
- Barth skimming neutrinos

expected event rates:
GZLK:~0.5/Yyr
Wa: ~0.2 /HV
TD: ~ 3 /5Y

E? ¢(E)GeV cm?sr's)

Ve




so far: wo neutrino candidates found
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Xax:  helght of shower maximum
grows with Log (€)

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

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

Largely due to O of primarg particle.
1 Fe = 56 protons of E,/56



<Xmax> [9/cm?]

Xmax RMS (Xneax)
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Xax RMS (Xpax)
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Composition mis-mateh ?

Spectrim: GQZ K cut-off p dominated
’ ’ ’ (E > é)(iojﬁ CV)
Antsotropy: correlation with wcarbg matter
OOVM;PDSLtLDV\/: Xma)(/ tj_/;z, ces VM,LKCOVVICDI\/H
/ (E < 4x109 eVv)
strongly

moolel depcwdcwt

Need hadronic interaction models to be modified
to make p-sims Look more Like data 222

(e.g. cross sections, particle productiown, ...)

we start to do particle phgsics at >10% ev.



(1000 m) at 10 EeV
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[a] universality method
[b] jump method
[c¢] smoothing method

3 [d] golden hybrid analysis
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1000 m) at 10 EeV

N
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[a] universality method
[b] jump method

[c¢] smoothing method

[d] golden hybrid analysis
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Consistent fundings:

Air shower models need modifications:

MUOWS : about 50% too Low,
hadvownie wwodel 222

Bunergy reconstruction: about 30% too Low.
fluorescence yield 222

EPOS: o wnew moodel, with enhanced bargow proaluctiow

makes about 50% MWLOYE VAUOWNS.....
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But whatever we deo

to models (within limits),
data do wet fit to
primary protons.

P cross-section would
have to rise Like

this to explain the
RMS (X,ax) data.



Puzzles remeaiw. ....
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S rg:

Auger South is taking high-quality data at >10* ev.

Spectrum: ankle and steepewiwg seen at = 4 x 10 and = 2.9 x 109 eV
with mod&L—iwd&prd&w’c measurement ano awaLgsLS

But what Ls the Lwterpretatiow?

cut-off: likely GZ K cut-off, hint that UHECRSs are protons?
ankle: transition galactic to extra-galactic ?

Avrival directions:

CR ave extragalactic

Correlation with nearby watter for € > 55 €ev,

hint that UHECR are protons?

Mass composition:

wpper Limeits on photons and neutrinos,

reduced fluctuations at =2 x 109 ev

hint at wmixed / heavy composition?
with current models, but...

Particle Physies (at >10Y ev):

Haodvrownic interaction moodels need adaption ...

More muons § different energy scale needed

Auger and collider data constrain models



Auger takes reliable experimental data on UHECRS.
BY far best understood experiment of tts Rind.

lntriguing findings ...
but tnterpretation of data is wot yet clear.

Extensions (Lnfill, HEAT, Amiga) will help with
composition studies.

Mawy years of data taking to come.



