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Intfroduction:
UHECRs: why and how we study them



A cutoff in the CR energy spectrum around 60 EeV is GZK EFFECT
expected by CR interaction with CMB photons (GZK effect)
However, experiments (Volcano Ranch first, in 1963) Protons
established that CRs with E>10%° eV exist!

Only few kind of sources might accelerate particles to
these energies (Hillas, 1974). Due to the GZK effect, such
sources are thus probably nearby (O(100 Mpc).
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“Nearby” matter is not isotropically distributed. Also, (Cronin, TAUP 2003)

trajectories of (LOW Z) UHECR through galactic and 10! 102 103
intergalactic magnetic fields may be nearly rectilinear. Propagation Distance (Mpc)
UHECR anisotropy expected.

But: are UHECRs actually low Z particles?
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UHECRs: how we study them

Ultra High Energy Cosmic Rays
(UHECRs, above = 10'8 eV):

very rare, 1/(km?y)

But “penetrating” up to ground
via a “shower” of particles

(extensive air-showers, EAS).

Only “indirect” detection,
through EAS, is possible:

large particle detectors arrays
on Earth (O(km?, 100% d.c.)

and/or

telescopes recording
fluorescence light emitted by
Nitrogen molecules excited by
EAS particles (10-15% d.c.)




Advances in detectors:

from Volcano Ranch to Auger and Telescope Array



The first EAS array covering

(shielded)

@ SHOWER CORE
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more than 1 km2

Volcano Ranch (1962-1978)
USA, New Mexico, 1800 m a.s.l.
19 scintillators array
Spacing 450 m
Enclosed area: 2 km2

(effective area 8 km2)
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Larger and larger particle-
detectors arrays followed...
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...and starting from early 80s, fluorescence telescopes

HIREs: USA, UTAH (1997-2006)
2 FLUORESCENCE TELESCOPES
(HIRES 1 & 2) D=12.6 KM

1975 - 1995

FLY’S EYE HIRES 2: 42 MIRRORS

USA, UTAH

2 FLUORESCENCE TELESCOPES
(67 MIRRORS & 880 PMTs +
36 MIRRORS & 464 PMTSs)




2000s: two well established complementary techniques...
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...merged in the two current giant “hybrid” detectors...
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2004-now: the Pierre Auger Observatory

Loma Amarilla
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mACiE e . 2008-now: the Telescope Array 393N, 112.9°W

m ’ : N | ~1400 m a.s.l.

Refurbished HiRes [ |f 3 com. towers Surface Detector (SD)

TI6S

M'd‘("::[)[;'“m e N 507 plastic scintillator SDs
SR N AR AR . i
Sl 2551 -_i 1.2 km spacing
2 ..a'q.«.u‘g_-"..—«.w'-'-_ f Bed I 2
: T Ty ey 700 km
: & LN N RS E B R . ;
* L ) ﬂ..":“’*".’:’. N = :- — .
) FE NN e s ra g X i m
™M R A NN R NN AN AN RN R L &
4 AN R RN R R > e =
NN T : By e R
off~ R R E R R e S e
E - BB N el N A B RS SN SR NN A AT RSO el
tong :t::r "'ﬂ g “fu'.::::"ﬁr\- v
nifhyy Sl q.gT__ [ oot il Fluorescence Detector(FD)
AR R C  — RS N 3 stations
(LR) e e R TR
nnwws > e R RN R R : 38 telescopes
EEew ‘) Illlﬁilfiﬁllﬁfﬁﬁ-ﬁilip:‘
f mw -".“ﬂ' = B o NN "'.“"-“. H N N e e
EE NN N e LA

R e N NN NN R R e
gy I”l‘ e ey e
“! e reY gy
ll‘i"’f'lll‘. ."..v'
L LR NS f '

LN l“if 2 0 A Black Rock Mesa (BR)

12 telescopes

escopes

) 1
R1IW R11W R10W RIOW  ROW ROW REW

From H. Sagawa, ICRC 2013



Surface detectors

TELESCOPE ARRAY

AUGER

Communication
|ower
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(LIGHT SIGNAL LARGER FOR MU) ACCEPTANCE UP TO 55 DEG
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Fluorescence telescopes

TELESCOPE ARRAY

3 M SEGMENTED MIRROR
256 PMTSs CAMERA
15° x 18° FOV

3.4 M SEGMENTED MIRROR
440 PMTS CAMERA
30°x 30° FOV



Telescope Array and Auger relative location

TELESCOPE ARRAY

Millard County,
Utah, USA

39.3N,112.9 W, —
1400 m a.s.l. ‘

COMMON
SKY

ARXI1V:1409.3128

AUGER (0-60 DEG)+ TA (0-55 DEG)

# Malargue, Argentina FULL SKY COVERAGE

I 35.1-35.55, 69.0-69.6W,
; 1400 m a.s.l.

AUGER



http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809

Advances in EAS measurement precision:
arrival direction, energy estimators, depth of shower
mMmaximum (Xmax|



From EAS observables to CR properties
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From EAS particles (light) arrival fimes
to primary CR arrival direction: the past

Volcano Ranch

where.! An array of scintillation detectors is
used to find the direction (from pulse times) and
size (from pulse amplitudes) of shower events

which satisfy a triggering requirement. In the

present case, the direction o € shpwer was
nearly vertical [zenith angle 10+ 5°)] The values
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From EAS particles (light) arrival times
to primary CR arrival direction: the present

AUGER (SD) TELESCOPE ARRAY (SD)

E>10 EeV, 0 <55°
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The EAS geometry is even better constrained with hybrid measurements.
For both experiments, for hybrid events,
the angular resolution improves to = 0.5



From EAS particles at ground
to primary CR energy
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SD samples EAS at fixed depth => the position of depth of shower maximum fluctuates
for an event with the same energy and atomic mass.
Summing the total particle density at observation level is inadequate to get the primary energy



From EAS particles at ground
to primary CR energy: the past
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Energy estimator == signal @ fixed (large) core distance S(R) [Hillas]
AGASA: Determination of particle density -> LDF -> S(600)
Conversion of S(600) by using cascade models
Largest source of uncertainty: extrapolation of hadronic interactions features from low-energies




TELESCOPE ARRAY

Signal [VEM]

From EAS particles at ground
to primary CR energy: the present
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From EAS particles at ground
to primary CR energy: the present

AUGER TELESCOPE ARRAY

Entri 301

ICRC 2013

Hybrid events
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S(800) is converted to energy E(S800,theta)
through a MC look-up table
The model dependence is removed via the
calibration with EFD
The S(800) energy scale requires a
downward scaling of 27%

Purely data-driven calibration
S(1000) is corrected for attenuation/theta
(Constant Intensity Cut) -> S38
S38 is calibrated versus EFD



From EAS particles at ground
to primary CR energy: the present

AUGER

Systematic uncertainties on the energy scale

Fluorescence yield 3.6%

Atmosphere 3.4%-6.2%

FD calibration 9.9%

FD reconstruction 6.5%-5.6%
Invisible energy 3%-1.5%

Stat. error of the cal. fit 0.7%-1.8%

Stability of the E scale 5%

TOTAL 14%

SD ENERGY STATISTICAL
UNCERTAINTY (@10 EEV) = 12%

TELESCOPE ARRAY

Fluorescence yeild

Atmospheric attenuation
Absolute detector calib.
reconstruction

total

SD ENERGY STATISTICAL
UNCERTAINTY (@10 EEV) = 17%



From EAS longitudinal profile
to Xmax: the past

Fly’s Eye HiRes
HiRes 2 S|gna| VS. Depth Shower Profile

XMAX RES: 45 G/cM2 = Signal
— Scintillation
Rayleigh Scatter
- Aerosol Scatter
—— Direct Cerenkov

—— Total Signal Fit
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From EAS longitudinal profile
to Xmax: the present

AUGER TELESCOPE ARRAY

XMAX RES. total
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Xmax resolutions improved thanks to the hybrid technique.
Between 25 and 15 g/cm2, getting better with increasing energy

SYSTEMATIC UNCERTAINTY = 10% SYSTEMATIC UNCERTAINTY = 16%


http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809

Advances in inferences on UHECRS
(energy spectrum, mass composition and origin)



UHECR specirum in 2000
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APPEARANCE OF AN ‘“ANKLE” AT FEW EEV
NO FLUX SUPPRESSION ABOVE 50 EEV? (AGASA, HP)




UHECR specirum in 2003
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UHECR spectrum now

AUGER TELESCOPE ARRAY
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“COMBINED” SPECTRUM | - SD SPECTRUM
ZENITH ANGLE < 80° - ZENITH ANGLE < 45°
130000 EVENTS ) 14787 EVENTS
(E > 10'7:3 EV) ) (E > 1082 EV)
>40000 KM2 SR YR 4500 KM2 SR YR

- 19.0 19.5 20.0 X 18 182 184 186 188 19 192 194 202 20.
log,,(E/eV) log, (EreV)
ICRC 2013 - ICRC 2013

Clear evidence of an *“ankle” at =5 EeV

Clear observation of a flux suppression at = 40 EeV
(observed by HiRes too, PRL 100 (2008) 101101)



UHECR specirum now: TA and Auger working together

CR PHYSIQUE 15 (2014) 318 [ [eV]

S \ W Auger and TA spectra compatible account taken
ol ol of relative systematic uncertainties of the two

Auger 2013 preliminary
energy scales.
Very good agreement on the ankle.

Auger start of the suppression at slightly lower
energy, and falls more strongly than that of TA

2x10% 10 2x10%

TA AND AUGER ICRC 2011
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Work in progress in a TA/Auger joint
working group to compare the two
spectra, like it was done earlier (ArXiv 32 o ey G0
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UHECR spectrum now

AUGER
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Comparison to pure proton and iron injection
(gamma = 2.3) and different cutoff at the source
Emax = 10205 eV and 10%° eV
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TELESCOPE ARRAY
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Uniform

LSS ——
23.2
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log(Energyl[eV])
ICRC 2013 It gy{ ]

Fit to a model with injected proton, assuming a
uniform distribution or a distribution following
the large-scale structure. Best fit for gamma = 2.4

Measurement of spectra only are not sufficient to fully understand spectral features, that
depend on particle spectra (in energy and mass) at the source and their propagation
Mass composition analysis is an essential ingredient
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<XMAX>: PAUCITY OF EVENTS ABOVE 10 EEV
HUGE DIFFERENCES BETWEEN MODELS
RESULTS DIFFICULT TO INTERPRET




Xmax data in 2000

AUGER:
PREDOMINANTLY LIGHT NUCLEI AT = 10183
EV. FRACTION OF HEAVY NUCLEI
INCREASING UP TO ENERGIES OF 10126 EV.

TELESCOPE ARRAY:
LIGHT COMPOSITION, NEARLY PROTONIC,
IN GOOD AGREEMENT WITH DATA.

19759 EVENTS o
¢ data + ostat o*
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— — Sibyll2.1
- QGSJetll-04
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Energy Iogw(E/eV)

ARXIV:1409.4809 ARXIV:1408.1726

CAVEAT on a direct comparison of datapoint and models
Different treatment of data (bias-free due to fiducial-volume cuts in Auger, acceptance
bias in data and model in TA)
Different models used by Auger (post-LHC) and TA (pre-LHC)


http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809

Xmax data in 2014: Auger and TA working together

AUGER COMPOSITION MIXTURE
(SEE |I. LHENRY’S TALK ON WED)

Sibyll 2.1 —e—
QGSJET IF4 —s—
EPOS-LHC

Fe fraction

N fraction

-
2

p fraction

ANALYSIS OF XMAX DISTRIBUTION ,
FOR EACH ENERGY BIN, IN TERMS
OF 4-COMPONENT (P, HE, N, FE)

MIXTURE, FOR DIFFERENT
HADRONIC INTERACTION MODELS

On-going comparison in the TA/Auger WG on mass composition (method 1 arXiv:
1310.0647) using a set of simulated events from the composition mixture that well-
fits Auger Xmax distributions. Such a mix can be mjected mnto the TA hybrid
simulation and reconstruction to be then compared to TA data.


http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809

UHECR spectrum now

CR PHYSIQUE 15 (2014) 318
E [eV]

1018 1019

LENE B R B B B | 1

| TA2013 pre imina Iy

Auger 2013 preliminary

19.0 19.5
logo(E/V )

EVEN IF TA AND AUGER SPECTRA ARE COMPATIBLE WITHIN UNCERTAINTIES, THEY YIELD
TO POSSIBLE ALTERNATIVE ORIGIN OF THE FLUX SUPPRESSION: GZK (PROPAGATION) OR

SOURCE LIMIT (EMAX OF ACCELERATORS)?

EMAX(P): 10'87 EV WITH A MIX OF PROTONS AND HEAVIER NUCLEI BEING ACCELERATED
UP TO THE SAME RIGIDITY, SO THAT THEIR MAXIMUM ENERGY SCALES WITH Z




Arrival directions in 2000

W Volcano Ranch
A Haverah Park
€4 Yakutsk

® Fly’'s Eye

FRoOM NAGANO-WATSON, 2000
ANGULAR RESOLUTION: 2.5-5° (N.B.: DIFFICULT TO BE ANALYZED TOGETHER)

NO SIGNIFICANT DEVIATION FROM ISOTROPY IN GALACTIC AND SUPER-GALACTIC COORDINATES
NO CORRELATION WITH NEARBY MATTER DISTRIBUTION
POSSIBLE CLUSTERS? (AGASA DOUBLETS/TRIPLETS)




AUGER (2004-2009

2008-2012

TA

Arrival directions now

® S i e . o

5 YEARS OF OBSERVATION, 2 EXPERIMENTS:

Dec. (deg) _

=~ 300 EVENTS ABOVE 40 EEV

o o

E > 57 EeV

Anti-GC

SGP

5 YEARS OF OBSERVATION,
69 EVENTS ABOVE 55 EEV

INTEGRATED EXPOSURE:
20400 KM2 SR Y

177 EVENTS ABOVE 40 EEV

(NOW: A FACTOR > 3 LARGER,
TO BE RELEASED SOON)

5 YEARS OF OBSERVATION,
72 EVENTS ABOVE 57 EEV
(+ 15 EVENTS IN 2013)

132 EVENTS ABOVE 40 EEV



http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
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FRACTION OF UHECR
WITH E>55 EEV
CORRELATING WITH
VCV AGNs

ISOTROPIC
EXPECT.=0.21

DATA=0.33%+0.05

CHANCE PROBABILITY
P=1 %

42 UHECR EVENTS

(>57 EEV, 0<45°, 5 YEARS)
SAME SET OF AGNS AS
AUGER
SAME CORRELATIONS
PARAMETERS

17/42 EVENTS CORRELATE
CHANCE PROBABILITY
P=1.4%




The largest excess in the sky

THE LARGEST EXCESS
(ABOVE 55 EEV):

12 EVENTS IN A 13°
CELL (1.7 EXPECTED):
IT LIES AT 4° FROM
CEN A

CHANCE PROBABILITY
(PENALIZED FOR SCAN
IN E AND ANGLE) = 1%
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Dec. (deg)
SEARCH FOR EXCESS

30 - ABOVE 57 EEV IN 20
‘ DEG WINDOWS

HOTSPOT : CENTER
R.A.=146.70, DEC. =

43.20 (MAX. 5.10)

2008-2012

TA

CHANCE PROBABILITY
3.7 X 104




The largest excess in the sky

= Data

zzzzz CENTERING ON CEN A:
98.7% Isotropic LARGEST EXCESS WITHIN
18° (13 EVENTS Vs 3.2

EXPECTED)

KS TEST: 4% PROBABILITY
THAT THE DISTRIBUTION IS
GENERATED BY AN
ISOTROPIC BACKGROUND
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Dec. (deg)
SEARCH FOR EXCESS

30 & | ABOVE 57 EEV IN 20
| DEG WINDOWS

HOTSPOT : CENTER
R.A.=146.70, DEC. =

43.20 (MAX. 5.10)

2008-2012

TA

CHANCE PROBABILITY
3.7 X 104




Arrival directions all-sky: TA and Auger working together

EVENTS ABOVE 10 EEV

AUGER:
8259 EVENTS
31440 KM2 SR Y

TA:
2130 EVENTS
6040 KM2 SR Y

COMMON DECLINATION
BAND (-15-25 DEG):
USED FOR CROSS-
CALIBRATION (EQUAL
FLUX):

-80;

|
|
|
Y
|
|
)
|

3435 EVENTS
ARXIV:1409.3128



http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809

Arrival directions all-sky: TA and Auger working together

Equatorial Coordinates - L=4

SEARCH FOR LARGE-SCALE
ANISOTROPIES THROUGH A
SPHERICAL HARMONIC ANALYSIS

NO SIGNIFICANT DEVIATION FROM
ISOTROPY

UPPER LIMITS ON
AMPLITUDES OF DIPOLE AND
QUADRUPOLE
MOMENTS VS DECLINATION HAVE
BEEN DERIVED:

7% - 13% FOR THE DIPOLE AND
BETWEEN 7%

AND 10% FOR A SYMMETRIC
QUADRUPOLE.

— =
SIGNIFICANCE MAP (SMOOTHED BY 15 DEG)

ARXI1V:1409.3128


http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809
http://arxiv.org/abs/1409.4809

Conclusions and perspectives



Conclusions

Learnt lessons from the past
the techniques (date back to 50s-60s!)

progress not only based on more statistics but also on more accuracy (hybrid technique)

Learnt (and to be learnt) lessons from the present

Flux suppression clearly observed thanks to statistics AND accuracy: GZK or source
exhaustion? Composition measurements essential to answer

Composition measurement still “critical”: TA Xmax data consistent with light mass
component over the whole energy range. With current statistics cannot prove or
disprove the trend towards heavier components compatible with Auger Xmax data.
Lacking statistics at the highest energies.

Arrival directions: no evidence of large-scale anisotropy, no evidence of small-scale
excesses (or multiplets). Correlation with AGNs at = 1% probability. Most interesting sky-
regions: TA hotspot, Cen A (intermediate scales, = 20°).

Steps for the future
larger number of events

higher precision “multi-hybrid” detectors



Perspectives

TAx4 (larger area: 3000 km2)

TAMDFD |, ——
FALE FD

Auger upgrade, muon
detectors

Even
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Trigger efficiency

AUGER (SD)
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SD: 3-FOLD TRIGGER
FULLY EFFICIENT AT E>3 EEV
(HADRONS)
GEOMETRY-BASED EXPOSURE CALC.

HYBRID: FD+1 TRIGGERED WCD
FULLY EFFICIENT AT E>1 EEV
SIMULATION-BASED EXPOSURE CALC.

TELESCOPE ARRAY (SD)
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SD: 3-FOLD TRIGGER
FULLY EFFICIENT AT E>10 EEV
SIMULATION-BASED EXPOSURE CALC.

HYBRID: FD+SD TRIGGER
FULLY EFFICIENT AT E>10 EEV
SIMULATION-BASED EXPOSURE CALC.



AUGER (2004-2009

2008-2012

LAY

Small-scale clustering (autocorrelation)

68% isotropic

95% isotropic

99.7% isotropic
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AUTOCORRELATION
METHOD:

SEARCH FOR PAIRS OF
EVENTS WITH WITH
DIFFERENT ANGULAR
SEPARATION

NO EVIDENCE OF
CLUSTERING AT SMALL
SCALES (A LA AGASA,
VERSUS DOUBLETS
REPORTED BY AGASA AT



