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FUNDAMENTAL PHYSICS:
EXPERIMENTAL ASPECTS

You need particles and detectors @ Two approaches:
“King Midas” model:

B Pay for particle source

B Pay for detectors
“Merkelhan” model:

B Cut on particle source

B Pay for a “cheap” detector
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DETECTION METHODS

(OVER MANY ORDERS OF MAGNITUDE IN E)

E< 101° eV

Detect directly incident particle

Balloon or satellite experiments (few m? in size)

E> 101° eV

Small flux "™ For Ex10%Y eV, ® = 1 particle/century/km?
Two techniques:

B AIR-SHOWER GROUND ARRAYS

A vertical proton with 10° eV
generates at sea level approx.

LESCOPES 3x1019 particles
3

B FLUORESCENCE T]

=




GROUND BASED DETECTORS

[ — ——

Extensive Air Showers spread
out over considerable areas

Area covered by sensors function

of probed energies: O(1000 km?)
for E~101° eV

Sensor spacing d also a function
of energy: d ~O(1lkm) for
E~1018 eV

Scintillators, water Cherenkov
tanks, muon counters, ...

=100% duty cycle .

[ —— —

UV light emitted by excited

nitrogen molecules
B Light yield = 5.5 y/MeV
[sotropic

Shower observation from

large distances (~ 20 km)

.Cz.il.orimetric estimate of the
initial energy

Less than 156% duty cycle
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M. Risse et al., UEHCR 2012



EXPLORING A NEW REALM

M. Risse et al., UEHCR 2012

History of physics:

open new windows... uncover the secrets of Nature



UNANSWERED QUESTIONS:
ASTROPHYSICS

Production sources

Acceleration mechanisms

[ ] [ ] l_
Mass composition B

; TTVTTVTTTTTTTT
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UNANSWERED QUESTIONS:
PARTICLE PHYSICS

Test particle interactions at the highest energies!

UHECR



EXPERIMENTS
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SURFACE Communication
antenna

DETECTOR | .

GPS antenna

FADC trace
(40 MHz sampling)

l-IIIIIIHII]IHIIIIIIIIHIIHIII

Electronics enclosure Solar panels
40 MHz FADC, local triggers, 10 Wat d L

10
S. Navas (U. Granada), Blois’09



FLUORESCENCE
DETECTOR

(ALY

T T y L

=
s
4 “
-,
4
'I<
4 -

Shutter

NIrror

UV Filter (300-400 nm)
Each telescope views 30x30°

MIRROR
CAMERA APERTURE

@ 4

5 h) : e A shower event
77 :
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TELESCOPE ARRAY:
SURFACE DETECTOR

Commissioned in May, 2008

76 2 kmz 200 km SW of

1.2 km rectangular grid Salt Lake City

12



TELESCOPE ARRAY:
FLUORESCENCE DETECTOR



ENERGY SPECTRUM



FLUORESCENCE DETECTOR

Longitudinal shower profile

E., = | dX

dE

o
X

-
o

Flux*E>10%* (eVP m?s™ sr')

<1

10

15
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® HiRes-2 Monocular
@ HiRes-1 Monocular
- 72/DOF=34.7/35 v’ IDOF=75.4/NA
i 1=3.24(2) N,,,=51.1
i log,,E=18.65(5) N, =15
i v=2.81(3) P(15,51.1)=2.9*10°
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' Cut-of
> 50
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Signal [VEM]

=

S
s

10°

10

SURFACE DETECTOR

S(1000)

> S3s

| TN N N N N N N N A |
1000 1500 2000 2500

r[m]

b =1.035+0.009

1
E = Erp(Emc(5s)) = 77— Emc(5)
SD
< Erp >h
21_] I I L I | I LI I L I L I L I T L
. Hybrid events from all the three .
205 ED site events (BR/LR/MD) E
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SD, log, (E/eV)
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ENERGY UNCERTAINTY



EXPOSURES



UHECR SPECTRUM



POWER LAW FITS

LA
Intensity

> Energy

20



INTERNATIONAL WORKING GROUP

Common effort from HiRes, TA, Yakutsk and Pierre

Auger collaborations

Set up for UHECR 2012 Symposium

Energy scale difference not fully explained

21



SCALING THE SPECTRUM

Good agreement
between HiRes/TA/

Pierre Auger within
systematics

22



FEATURES IN THE SPECTRUM

Ankle ete

Pure proton: Pair production

Mixed composition: Galactic-
Extragalatic transition

Cut-off
GZK mechanism
B (pion production)

Energy limit at which sources

can accelerate particles
23



ARRIVAL DIRECTIONS



CORRELATION WITH AGNS IN
VCV CATALOGUE

AGN L i ;',:' : SRR Shading level:
L »e* %‘ x BTy X X eXposuI‘e
Super-galatic .
plane
Data
Field of view

parameters

E>56 EeV, D < 75 Mpc, angular

distance < 3.1°

12 out of 15 correlate, 3.2 expected in
case of 1sotropy
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CORRELATION WITH AGNS IN

VCV C

AGN

Super-galatic

plane
. . “‘\ * e
Field of view - NN
T P "”g;;*;'ﬁ j
.

Exploratory scan to fix
parameters

E>56 EeV, D < 75 Mpc, angular

distance < 3.1°

12 out of 15 correlate, 3.2 expected in
case of 1sotropy

25

TALOGUE

Shading level:

exposure

' épéndent set of data:

8 out of 13 correlate, 2.7
expected 1n case of 1sotropy

Probability for this configuration
to occur by chance 1n case of

isotropy: 1.7 x109



1
09
08
0.7
06
05
04
03

Correlating fraction

0.2
0.1
0

I I ! | | &% CcL |
95% CL mwmmm
Data up to June, 2011 99.7% CL ;
data —e— |
Piso=2 1 O/O .
| 1 1 | | | | |
0 10 20 30 40 50 60 70 80

UPDATE ON CORRELATION

Number of events (excluding exploratory scan)

28 out of 84 correlate

The amount of correlation 1s 33 +5%

Assume 1sotropy, the probability of finding

such correlation P=0.006
2%



AGN CORRELATION
WITH HIRES



AGN CORRELATION WITH TA

(e]
s lo
8 out of 20 correlate =
H Auger
Q
. o @)
Consistent with no 3
. 20
correlation E
3
~3 times present statistics Isotropy

for a conclusive test!
98 Events observed with E> 57 Eev



IS CENTAURUS A A

SOURCE OF UHECR?

Closest radio-galaxy 1n

sourthern hemisphere

(3.8 Mpc)

Largest departure at
240

19 observed

7.6 expected

Outside of HiRes and
TA field of view

Number of events

29

40

35

30

25

20

15

10

0

| | |
68% isotropic

95% isotropic mmmm
99.7% isotropic

5

10

data

15

20

25
Angular distance from Cen A

30 35 40

45

(degrees)



MASS COMPOSITION
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The BIG question: infer how does the grandmother look like?
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Electromagnetic shower

in cloud chamber

32



Electromagnetic shower

in cloud chamber

The grandchildren we observe

32



The grandmother we infer

Electromagnetic shower

in cloud chamber

The grandchildren we observe

32



DEPTH OF SHOWER MAXIMUM:
XMAX RECONSTRUCTION

Total number of events
used in composition

analyses fOI’

log(E/eV)> 108

Fit with empirical v o
Gaisser-Hillas formula |N(X)=N max( ] - eXP(




XMAX & MASS COMPOSITION

Measured by fluorescence detector event
by event

The observable Xmax contains
information about the mass of the primary

Heavy primaries are shallower and
fluctuate less (RIMS(Xmax) 1s sensitive to

composition as well)

Iron

Proton

34



PIERRE AUGER RESULTS



HIRES & TA: EVOLUTION
OF XMAX WITH ENERGY

Consistent with QGSJET proton model

36



RMS(XMAX) VS E



&

dN,/dX [a.u.]
#

MASS COMPOSITION WITH
SURFACE DETECTOR DATA

Iglll

°IIlu‘lllla.lIII‘-’.llllIlsllllallllgllllIll

L E=95 EeV, 0~60°

Depth profile of muon

production points

Event by event measurement

Asymmetry of

signal risetime

Statistical measurement

38



Model dependent conversion

39



TESTS OF
FUNDAMENTAL INTERACTIONS

40



P-AIR CROSS SECTION

AN/AX 1oy

simulated p-showers at 10'? eV

|
|
1
' \ AN
L TR N AT AR YA

500 600° 700 800 GO0 1000 1100 1200 1300 1400 1500
Xmae / Qe

dN/dX,,, [cm7g]

10

—L

107

1018 eV< E < 10189V

ey A, = 55.8 2% glem?
]
#
Hf ail dominated
[{} by protons
S TN T T T N TN TN T T N T T S S MW Y

600 700 800

500 4000 100 200
X, [o/cm?

dN/dX_ oce =

o A= (PO a)



GPROTON-AIR

Contaminations assumed for systematics:

<25% He < 0.5% v



TESTS OF HADRONIC
INTERACTIONS

Use inclined showers (0>60°, large atmospheric depths)

Signal dominated by muons

Small EM contamination subtracted

Deficit of muons in simulations

(stmilar results with independent methods and data samples)



A COSMIC RAY ODYSSEY

After hundred years of wanderings, Odysseus (a

cosmic ray physicist) did not come back to Troy yet
(1.e. the truth 1s still far from us)...

Odysseus’ wanderings
...but the voyage 1s so filled of notable experiences

that we will keep on striving to meet Penelope (the
true origin of ultra-high energy cosmic rays) at last!

44



A WORD OF WARNING!

Different analyses between different experiments
prevent a direct comparison of measurements!

Pierre Auger uses MC

to estimate:
A) Average Xmax

reconstruction bias as a
function of energy

B) Average Xmax resolution
as a function of energy

45

HiRes/TA uses MC

to estimate:

the expected Xmax
distributions afer all detector
effects. Expected and
observed distributions are
used to infer composition




SUMMARY FROM MASS
COMPOSITION WORKING GROUP

Common effort from HiRes, TA, Yakutsk and Pierre

Auger collaborations

Set up for UHECR 2012 Symposium

46



MULTI-MESSENGER
PHYSICS



PHOTONS

What 1s a photon?

48



PHOTONS

What 1s a photon?

Ditferent techniques but NO CANDIDATES found so far

48



NEUTRINOS

What 1s a neutrino?
“Fast & narrow signal”

Hadronic shower—p

2

FADC Trace

lllIllllllllllllllllllIIIIIIIIIIIIIIIIIIIIII‘

Downgoing Vv

“Slow & broad signal”

FADC Trace

Upgoing v

Search for different event types

49



NEUTRINO LIMITS

NO CANDIDATES found so far

50



MULTI-MESSENGERS:
CONSTRAINTS ON MODELS

Very strong constraints on Top-Down Models*

*UHECRSs come from decays of super-heavy particles

51



THE FUTURE IS
COMING...



MICROWAVE RADIATION

P. Gorham et al., Phys. Rev. D 78, 032007 (2008)
Soft electron plasma (T=10° K)

Acceleration in collisions with N9

Emission in the GHz band
Coherent, P e N.2

Incoherent, P @ N,

Advantages
Duty cycle: 100%
Non-polarized isotropic emission

Cover areas O(10 000 km?) in a

cost-effective way s
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MICROWAVE RADIATION

P. Gorham et al., Phys. Rev. D 78, 032007 (2008)
Soft electron plasma (T=10° K)

Acceleration in collisions with N9

Emission in the GHz band
Coherent, P e N.2

Incoherent, P @ N,

Advantages
Duty cycle: 100%
Non-polarized isotropic emission

Cover areas O(10 000 km?) in a

cost-effective way s



JEM-EUSO

Fluorescence from space
(orbits the Earth every 90 min.)

Observation area (Nadir)

Arrival direction determination
accuracy

Energy determination
accuracy

X..., determination accuracy

Energy threshold
Duty cycle
Lifetime

54

>1.3%105 (H,,,,,/400[km])2 km?

< 2.5° (at E=10%° [eV] and 60°
zenith angle)

< 30% (E=10%° [eV] and 60°
zenith angle)

< 120 [g/cm?] (E=10%° [eV] and
60°zenith angle)

< 5.5%x107° [eV]
217%
> 3 years (goal: > 5 years)
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COMPARATIVE EXPOSURES



CONCLUSIONS

The eventful journey to solve the UHECR

puzzle 1s far from completion

Enticing physics that demands larger
statistics and multiparametric observations

larger detectors? new techniques?

...but hard times for getting fresh funding!

57



CONCLUSIONS

Not all 1s lost! There’s hope for cosmic ray physicists: become
a TV star with daily appearances at prime time TV-News

wLhe gxenttul journey to solve the UHECR

puzzle 1s far from completion

Enticing physics that demands larger
statistics and multiparametric observations

larger detectors? new techniques?

...but hard times for getting fresh funding!
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BACK-UP



“GZK-CUT-OFFS” DO HAPPEN IN
EVERY DAY’S LIFE, AS WELL!

The Bankia
cut-oft!
Former Bankia CEQOs:

candidates for 2012
Nobel Prize in
Physics?
or in Economic
Sciences?
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PIERRE AUGER SD
SPECTRUM



SD + HYBRID

log(E/eV)
18 18.5 19 19.5 20 20.5
__10%®
S Y,=2.63+0.02
v Y,=3.27£0.01
!Th Iog(Ecut-off):
..: 19.63+0.02
b log(E, ,,.)=18.62+0.01 ¢
£
-
m
s |
(¥T broken power-law and exp. cut-off 1
— ¥%/ndf=33.7/16=2.3
| ll | | | l | | | | | | |
1018 1019 1020

Energy (eV)
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INFILL SPECTRUM
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XMAX ANALYSIS
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SHAPE OF
DISTRIBUTIONS



COMPARISON WITH MONTE CARLO
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P-P CROSS SECTION AT
Vs=57 TEV



THE KNEE(S)



