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The ultra-high-energy regime

V.Verzi, Cosmic Rays: Rapporteur talk, ICRC 2015
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The ultra-high-energy regime

V.Verzi, Cosmic Rays: Rapporteur talk, ICRC 2015
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The ultra-high-energy regime

V.Verzi, Cosmic Rays: Rapporteur talk, ICRC 2015
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Propagation effect or source exhaustione
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Propagation effect or source exhaustione

1. Propagation scenario
(GZK / photo-disintegration)
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How to discriminate the two scenariose

» Energy Spectrum features
Increase statistics, pile-up for the GZK scenario

» Mass composition (in the GZK region)

» Observation of cosmogenic photons/neutrinos
specific signature of GZK process (or new physics)

» Anisotropy
small scale in case of a light composition (see next talk)

OUTLINE
Detection techniques,
experiments in operation and some recent results |




How do we observe
ultra-high-energy cosmic rayse

Extensive-Air-Showers and Ground-based detectors




Extensive Air Showers: observables

Using the atmosphere as a calorimeter

» Evolution of the EM cascade

Calorimetric Energy COPS':;?:ZYS
d E

» Maximum of the EAS (Xmax)
Mass composition

Ig(N) electrons muons hadrons neutrons

(PEriEle densfry at ground

- . , Ener
4L Lateral distribution of gy
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30 M, secondary particles
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Detection technigues

Using the atmosphere as a calorimeter

New techniques (ll)

(See parallel session)

primary
cosmic rays

Fluorescence Telescopes
longitudinal shower development
calorimetric energy
10-15% duty cycle

atmospheric monitoring

New techniques

(See Tuesday session)

Surface array detector

Partficle density at ground
100% duty cycle
dependence on EAS models



Two observatories for UHECRS

Telescope Array

M|Ilord County, Utah, USA,
‘ 700km214OOmosI
* since 2008

Malargue, Argenting,
3000 km?2, 1400 m a.s.l.
since 2004

11

One in each hemisphere:

different skies observed!
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507 scintillators (1.2 km grid)

Telescope Array Pro

38 telescopes in 3 buildings
atmospheric monitoring

TA Low Energy (TALE):
0 FD (field of view 31-59°)
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The Pierre Auger Observatory

Loma Amaljilla

Water Cherenkov
Detector (SD)

1600 SD on 1.5 km grid
27 telescopes in 5 buildings
atmospheric monitoring systems



The hybrid concept

The SD large exposure and the calorimetric FN 6?1”
(model-independent) FD energy © A

20

18-

Time structure

Detector signal (arb. units)
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500 1000 1500 2000 2500 » complementary EAS observables
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Energy calibration with hybrids

1000F . l l l
5 Z 2 I line at 45° =
T 100+ = m . O
E | 2| 5 not a fit %
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0.2 1 234 10 20 100 L YT ST y-—:
Eep [EEV] TA SD / 1.27, logio(E/eV)
Auger [%] TA [%]

Atmosphere 3.4-6.2 11
getedotr Cat'ib- — 95 - 190 SD energy calibrated using a

econstruction 5-5. : :

— sub-set of hybrid events having
Stability of E scale 5 )
Invisible energy 3-1.5 5 SD and FD mdependen’r
Fluorescence Yield 3.6 11 reconstructions
Total 14 21
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Energy spectrum above 10'8 eV

T F TA
L ¥ ;
L ., R +
‘_"C,J 1024 = e o o o °® ] . + N
b Anlkele Auger , .
w o f
x Syst. on energy scale: ]L +
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- !
i —e— Auger (SD data: 10 yr, 50.000 km2 sr yr)
- —=— TA (SD data: 7 yr, 3200 km? sr yr)
|||||||||||||||||||||||||||||||||||||II|III
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logIO(E/eV)

Auger Telescope Array
Eawe[EeV] | 48200708 | 52402
Eiz2 [EeV] 421+1.7+76 60 + 7 2
Vi (E <Eanke) | 3294£0.02+0.05 | 3226+0.007 E
Y2 (E > Eankie) 2.60+0.02+0.1 2.66 +0.02 g
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Energy spectrum: a comparison

SO u il

% | . Maris, for the Pierre Auger and Telescope T A

— B Array Collaborations, UHECR 2014 +
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» Ankle position in good agreement

» Flux suppression at different
energies (different skies?)
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Are Northern and Southern skies
differente¢

& - | N ' ! LR .

% | . Maris, for the Pierre Auger and Telescope V4 4 TA

— Array Collaborations, UHECR 2014 /
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» Ankle position in good agreement

» Flux suppression at different
energies (different skies?)
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JEE) x E*/10%* [ m? x §' x sr! x eV?]

10

5 < 26°: log, (E,/eV)=19.62 t 0.06
5 > 26°: log_ (E/eV)=19.84 +0.03
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D. Ivanov for the TA Coll., ICRC 2015

I. Valino for the Auger Coll., ICRC 2015
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Energy deposit [PeV/g/cm?]

Longitudinal Shower Profile

Height a.s.l. (m)

14000 12000 10000 8000 6000
I T T I T T I T : |l |: T T I

e Auger event

Shower profiles for varying primaries
(or hadronic models) differs in
<Xmax> and its dispersion

— Proton

'% 10° —— Proton
= | | | ' w o F L —— Nitrogen
;_ oﬁggerevent B — Iron
3 — Nitrogen 1025_
5: 10§—
2 B 1 .
E...|....|....|. A B N A |
V) 4 P 600 700 800 900 1000 1100 1200
Xmax [9/cm’]
B Mass composition from the first
two momenta of Xmax distribution

1 | | I | I | I | | I 11 : 1 I :I 11 é I | I | | |
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Mass composition from Xmax distribution
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Elongation rate:
D ~ 60 g/cm?/energy decade

50

40
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20

10

- —— Epos LHC

~ - - - QGSJet-11-04

T proton e Sibyll 2.1

N T Tt

- iron

: | | | | | | | | | | | | | | | |
10" 107

Data: Longitudinal profile fit by a Gaisser-Hillas function
Uncertainties on Xmax measurements < 20 g/cm? (depending on the energy

and specific FD performance)
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Mass composition from Xmax

Pierre Auger Observatory Telescope Array
— ' ' ' 900 -
esol — Syst. ~ 10 g/cm2 GO » QGSJetll-03 —e— Data (Jan/2008-Dec/2014)
A. Porcelli for the Auger Coll., ICRC 2015 B ; T 19 g/em? sys. uncert
O. Deligny for the Auger Coll., - sso” :::::::i:::::::::...9??!?.‘.9?. ...................................................... o e
goo| Parallel session - --+-- SIBYLL2.1 ; s -
R - — n ----- QGSJetll-04
E 750 : 5 800
E 3
2 :
650r —— EPOS-LHC 700
- - - QGSJetlI-04 ot -
0 R Sibyll2.1 | 6501= : e J, Beltz for the TA Coll., ICRC 2015 -
e ' 1 AUGER’ PRELU\/IINARY - l o l . C. Jui for the TA Coll., parallel session
17.0 17.5 18.0 18.5 19.0 19.5 20.0 18 185 19 195 20
log,((E/eV) loglo(E (eV))

Change in composition and

_ Proton dominant composition
break point at E ~1078-3 eV

Similar conclusions from <Xmax> and olXmax)
Flux suppression region not covered by FD measurements
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Are Auger and TA results In tensione

Auger & TA joint work

1) Construct a model of Xmax distribution describing the Auger data

2) Simulate and reconstruct the “*Auger-mix” with TA analysis chain

820

800

780

760

740

(X__)lg/cm?]

720

700

M. Unger et al. for the Pierre Auger and Telescope Array Collaborations, ICRC 2015

- + TA MD 2014 preliminary
B + Auger 2014 ® TA MD
B average difference: (A) = (2.9 + 2.7 (stat.) + 18 (syst.)) g/cm?
_l I | | I | I l | I I L1 1 l | I I L1 1 I | — | I L1 1 I | I I
18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8 20
Ig(E/eV)
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TA uncertainties too large
to distinguish between
Auger-mix and light composition



Are the moments of the Xmax
distribution enoughe

0-012 I I ) 1 l l L] L]
total total
— p - p -
3 0.01} N - - He - -
2 Fe ...........
2 0.008| - . -
: <X x> = 732.8 glom? - <X 0> = 732.8 glcm? -

x 0.006} - = .
N 6(Xinay) = 55.61 glem® - 6(Xinay) = 55.61 glem® -
= 0.004| - - -
o]

(4]

o]

© 0.002| - _ .
m =

ol—L_L A BT L L Ay o
600 700 800 900 1000 1100 600

SR DT T I R Tty | IR

700 800 900 1000 1100
2

Xmax [9/cm’] Xmax [9/cm’]

Same Xmax and o(Xmax) but different mixtures

fit the Xmax distribution with a N-components model
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Inferring the fraction of chemical components

Fit of the Xmax distribution with simulation templates (N-components)

F L
c 1 Sibyll 2.1 —o—
2 0.8 QGSJETIl-4 —a—
S 06} EPOS-LHC —o—
= 04
L o2f
0: :. od L on :. S - PN S ol . - EP Sy ot PPNy,

1 F
c 3
S 08}

4 0.6 [

=L %ﬁfﬁm%w

c 1
2 08 [
S 06|

Ezzgw%% %ﬁ %

1018

E [eV]

The Pierre Auger Coll., Phys. Rev. D 90, 122006 (2014)
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[mb]

p-air

Proton-air cross-section

» Select proton-like events

» Fit the tail of the Xmax distribution
g
x
dN/deax X exp(—Xmax/Afn) g
©
» Convert N\, to Op-air using MC simulations
Equivalent c.m. energy Is_, [TeV]
10" 1 10 10°
soo_llllll I I IIIIIII I 1 IIIIIII 1 1 I]IIIII 1 I 1
- Nam et al. 1975
— A Siohan et al. 1978
B Baltrusaitis et al.1984
700— H. Mielke et al.1994
— Honda et al.1999 TA P
B Knurenko et al.1999 | I
- Belov et al.2007 e
600 W L Aieli et al.2009 { l /,/
— Aglietta et al.2009 I P o
B + Telescope Array 2015 T [ I "'f.'.’ T
500— —W— Auger PRL2012 T 4 il
~ —®— This Work 2015 A Lo 1 +
— 1
400 — L Auger _ gposimc
- gl I _
B B ;ng/ 1 QGSJETII-04
300——==+i-" 1 [ - = SIBYLL-2.1
: |—'IT—1
B 1 llllllll 1 lllllIlI 1 ll]lllll 11 lllllll 1 lIIllllI 1 llllllll 1 llllllll 1 1 1 1hIil
200 10° 10" 10" 10° 10" 10®  10°  10*

Energy [eV]

1042;_ Cross-section: +50% at 10'° eV
10'3;—
104;—
10'5;—
500 600 700 800 900 1000 1100 1200 1300 1400 1500

Xmax [g/cm?]

o2 (E = 10179 eV) = 457.5 +17.8 (Stat) 712 (Syst) [mb]

p—air
o2 (E = 1082 V) = 485.8 4 15.8 (Stat) 712 (Syst) [mb]

p—air

052 (E = 101 eV) = 567.0 + 70.5 (Stat) *32 (Syst) [mb]

Main systematics source:
» helium contamination

R. Abassi for the Telescope Array Collab., ICRC 2015
R. Ulrich, for the Pierre Auger Collab., ICRC 2015



Test of air-shower models at UHE

Ry /(E/10YeV)

Inclined event
(60 < 6 < 80)

The Pierre Auger Collaboration,
Phys. Rev. D 91, 032003 (2015)

2.4+ l
2.2 R —
2.0 o
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1.6 - Tl ST
1.4+ = e Fe
1.2 B S L
PI‘OtOﬁ-----.. ...... A
| ® Auger data N data
_
1.0 ~-EPOSLHC R, = N T
----- QGSJet 11-04 1,19
1019 1020
E/eV

Using the signal in the Auger SD

Confirmed with an independent

analysis ( 6 < 60°)

InR,) (101 eV)
0.601 +0.016

Auger data,

Fe

EPOS LHC ma)
P
Fe

QGSJet 11-04 1»4)

p

Fe
QGSJet I1-03 (na)

p

QGSJet I (s,

p

0.168
j0.203 (sys.)

0.482
0.315 + 0.007
+0.039 (sys.)

0.197

0.453
0.235 £ 0.007

+0.037 (sys.)
0.162

0.258
0.026 + 0.007
+0.043 (sys.)

-0.026

0.370
0.116 £ 0.004
+0.047 (sys.)

0.091
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0.0 0.2 0.40.60.8

Muon deficit in simulations from 30% to 80% at 10'° eV
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The Pierre Auger Collab., Phys. Rev. D 91, 032003 (2015)

L.Collica for the Auger Collab.,ICRC 2015
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Cosmogenic neutrinos...

The Pierre Auger Collaboration, PRD 91 (2015)

Cosmogenic v models

Neutrino single flavour limits (90% C.L.) b, Fermi-LAT best-fit (Ahlers '10)

10-5 T T T T TTTTI T T T W T ] I:I P, Fermi-LAT 99% CL band (AhlerS |10)
- mmm = |ceCube 2013 (x 1/3) % p, FRIl & SFR (Kampert '12)
B Y [[ZZZZ77) Fe, FRIl & SFR (Kampert '12)
[ Auger (2013) % p or mixed, SFR & GRB (Kotera '10)
L 10CE =m0 ANITA-II 2010 (x 1/3) v, — — Waxman-Bahcall '01 4
7)) — * — -
Ay — ‘o, - = :U
n | (Q/ ” |
o B /., —— ] D
E — / 0,,.
(&) 10‘7 —— - *’./ ansre O
> — ” ‘A g\ ! 4 k~
(] [ — C R BON B0, oon ooa o0 NOU NUN RO RO NUE T NOT NOR BT MO0 NIT
O fme===T__ —_— 1N
8 )
> = 1=
© — -
o - 41 O
W ok O
10 3N
1 O
1 O
LN 1 m

10?1

v Waxman-Bahcall landmark reached

v cosmogenic model with pure p composition
at the source and strong evolution disfavored
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Cosmogenic neutrinos...

The Pierre Auger Collaboration, PRD 91 (2015)

The IceCube Collaboration,

Neutrino single flavour limits (90% C.L.) C°Sm°ge”i°p’VF";:’rgﬁ:_sAT bestft (Ahlers '10) arXiv:1607.05886
10‘5 T T T — T TS T [ 1 p, Fermi-LAT 99% CL band (Ahlers '10)

- s = [ceCube 2013 (x 1/3) * p, FRII & SFR (Kampert '12) ] t

- Y [[ZZZZZZ] Fe, FRIl & SFR (Kampert '12) B

| = Auger (2013) ‘«,‘ p or mixed, SFR & GRB (Kotera '10) 4 N
L 10CE =m0 ANITA-II 2010 (x 1/3) % — — Waxman-Bahcall '0f 4 -
7)) E ., ’\— E [
n : * °, ” a m é 3 —_
o B /w —— | D N [
E — / >, B
o 10-7 =3 - - *’. A @ N
%) E ’ﬁllllll”l.lIIIIIIIIII/I.III’I.IIIII-III‘I-I‘I\I‘IIIIIIIIII; H 2 [
O fmm=IT — 1 '
[ == 8 Q 1 =
LW 1078 e e e s =l 2
O = 4 Oy
P [ 1 N—
o F ] o
L 9 O

1 t A proton dominant composition }
e’ tscenario is disfavored if sources

of UHECRs have an evolution

v Waxman-Bahcall landmark reached |stronger than SFR

v cosmogenic model with pure p composition
at the source and strong evolution disfavored

for zmax =2) |

i
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E>E

Integral photon flux

and photons

UHE photons observed from EAS development (deep Xmax, shower particles content)

Photon limits 95% C.L.

o [km™@yrisri]

R GZK p (Gelmini 08) """""" SHDM .
| |S I GZK p (Kampert'12) - - - SHDM' —=
= T, mn GZK Fe (Kampert'12) =—— TD =
,,,,,,,,,,,,,,,,,,, — - 7B _
S A :
19 e T, A =
(o2l T IR S _j
- = TA 2015 e %\ ......... =
— (preliminary) i -
a J ySp2008
10_3? . v X SD 2015 vz
- V (pretiminary) 7 v top-down models disfavored
-4 _ . eey =
107E = v GZK flux region within reach
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Anisotropy at UHE (E =z 55 EeV)

No significant deviation from isofropy at small angular scale.
Maximum significance at intermediate angular scales.

Telescope Array

Max significance: 5.10 (pre-trial)
post-trial: 3.4 o
Einr> 57 E€V, ¢y = 20°

........
-——-—‘:——-., L S e h— " — ———— —————

(Nops = 24, N g=6.88) e =il ...............

K.Kawata for the Telescope Array Collab., ICRC 2015

5
4
3
2
-1
0
-1
-2
3
-4
ates

Pierre Auger Observatory 1.50

Largest excess: pre-trial 4.3 o,
69% post-trial probability)

3.00

1.50

Eine > 54 EeV, ¢ = 12°,

0.00
Nobs =14 / Nbg - 323
-1.51
The Pierre Auger Collaboration, ApdJ, 804, 15, (2015)
J. Aublin for the Auger Coll., ICRC 2015
-3.0(

galactic coordinates

35



< s

_\‘

\ Major results obtamed and
‘\ :
B new




What have we learnte

TA

Auger

Origin of the
cub-off?

—e— Auger

—=— Telescope Array

:::ff*” :

K
H

<Xmax> (g/cm?)

182 184 18.6 18.8

Hot spots

Dec. (deg)
Y

see O. Deligny’s talk

Pierre Auger Observatory

19 192 194-196 198 20 202 204

log (E/eV)?
10 \
1
1
Telescope Array \
hot-spot "

< E > 57 EeV

No auiso&ropj abt small angular scale.

weak sighal at ~ 202 anqular scale

Mo ss ﬂomposiﬁaw Light or mixed?

900 : : _ 1

[ ——— QGSJetll-03 —e— Data (Jan/2008-Dec/2014)
850 [ i QGSJet01 (119 g/em” sys. uncert. s

: """ SIBYLL2o1 Proton /‘? ;%

. -+ QGSJetll-04 PP e G
800 EPGS-L?E{C —t ip e
750 e T S o et A e Y
700
650 - -

" Telescope 4r'ray ICRC15 iiPreIiminary

Neutrino single flavour limits (90% C.L.)

185 19

log, (E (eV))

19.5

Cosmogenic v models

10

s Auger (2013) /‘;

—_ —_
< <,
~ (=]

E?dN/dE [GeV cm2s'sr]
=)

10°E

=== = |[ceCube 2013 (x 1/3)

i ANITA-11 2010 (x 1/3) .,

20

7777777 Fe, FRIl & SFR (Kampert '12)

.
0

7
007
a1 //ﬂ//{;l 1111

10'® 10"
E, [eV]

10%

107

(Xmax) [g/cm”]

p, Fermi-LAT best-fit (Ahlers '10)
s [___] p,Fermi-LAT 99% CL band (Ahlers '10)
® p, FRIl & SFR (Kampert '12)
.

p or mixed, SFR & GRB (Kotera '10)
— —— Waxman-Bahcall '01

800260 (GT02) 16 Add

-

neukrinoe and Pho&ov\ Limmiks

conskrain source proper&ies
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More answers In the short terme

TA extension to ~ 3000 km? AugerPrime
4 bl o ltaxaspl » Muon content and mass composition

» Origin of the flux suppression

» Search proton flux
(test astronomy for future detectors)

» Hadronic models and EAS physics

-l 3

» Hot-spotat > 50
» Statistics for mass composition
and energy spectrum at highest

energies
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Summary and Outlook

» Current detectors have lead to high-quality observations

» Unexpected results and new questions in astfrophysics and
particle physics

» Lack of statistics, air-shower dependence the major challenges
for extragalactic cosmic rays

» Upgrades of the current experiments decisive in the next
few years

» Multi-messenger approach needed for a coherent picture

» New techniques and ambitious projects to follow in the future
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Monitoring of the atmosphere

10000

wicloud diﬁt_orsionwzmm FD relies on the propagation,
absorption and scattering of

the light in atmosphere

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

Several devices for cloud

40—

co o by s by s by s b v by s by by bawa o byas
400 500 600 700 800 900 1000 1100 1200
slant depth [g/cm?]

IR cloud
camera

balloons o ‘& ™s — '
Examples for Auger, similar systems for Telescope Array 41



Combined fit: spectrum and mass composition

Model: identical sources (uniformly distributed)

accelerating p, He, N, Fe C\']E EPOS-LHC
Q
: . : 0
fit parameters: injection flux, spectral index, =
energy cut off, mass fractions é
—10% Ei
> b
- 18 185 19 195 20
>0 log (E/eV)
"E 10° =
10% =
: | | | | | | | | | | | | | | | | | | | | | | | | | PR S T A T S T S S S S T AT S S !
8 185 19 19.5 20 2075 18 185 19 195 20

log, (E/eV) log (E/eV)
Best fit with very hard spectra (y <1) 10

Prevailing intermediate mass at the source
42



Astrophysical interpretation of the results

Combined fit of spectrum
and mass composition

$20.5] 712
5 [ Pierre Auger Observatory,
% 200 ICRC 2015 -10
5
< 19.51 8
190 6
18.5" 4
151050051152 25
spectral index vy
] Y Reut
best fit: 0.947009 1 ()I8.670.03

0.10

\‘{D - Dmin

43

source evolution m

Fit of the mass assuming
pure proton at source

Telescope Array ICRC2015

2 2.1 2.2 2.3 2.4 2.5
spectral index vy

bestfitt Y =2.217

0.10
—0.15

2.6 2.7

m=26.7

I

4 0.1

0.0001

+1.7
—1.4



Mass composition measurements (Auger)

Depth of shower maximum (Xmax) proportional to the InA.
Mass inferred from the first two moments of the Xmax distribution

| = Syst. Average Xmax O 70k std. deviation of Xmax = Syst. |

850 ~~o .
4y ] t

800| i .1 E +13 o
— — T+ e e roton
; | H* ............................
8 750 8 50} * _
C S *
“% 700} 240 ** |
ME \bi —— EPOS-LHC *
he S — - - QGSJetll-04

650t —— EPOS-LHC 30 e Sibyll2.1
- - = QGSJetl-04 #
"""" Slby1121 """"—"'-*'—-—-—..-,.,___.__“__..—,-__—,-__—.__—.__—.-_— T = - - _
600l | B e .
I s Pt -
17.0 175 18.0 185 19.0 195  20.0 17.0 175 18.0 18.5 19.0 195 20.0
log,,(E/eV) log,,(E/eV)

Break-point @ E ~10183 eV: Mass composition from intermediate to light
primaries at low energy and to intermediate/heavy at high energy

The Pierre Auger Coll., Phys. Rev. D 90, 122005 (2014)
44 A. Porcelli for the Pierre Auger Coll., ICRC 2015



Signal (VEM)
© = N W B O

Detection of UHE neutrino

v selected as inclined showers with large em component (time spread of SD signals)

> down-going

Top of the atmosphere

proton or nuc{

EM component =]

hadronic
component

Top of the atmosphere

EM component

hadronic
component

Energy of shower ~ 5EeV
Distance to shower axis ~ 1 km

Zenith angle ~ 80° (“old shower”)

Energy of shower ~ 5EeV
Distance to shower axis ~ 1 km
Zenith angle ~ 22" (“young shower”)

young shower

old shower
L PR (TSR R T S T _— j.... 2 ..u,...J_.LJL..
0 1000 2000 3000 0 1000 2000 3000
Time (ns) Time (ns)
» up-going (Earth-Skimming)
Top o_f the atmosPhere
. EM component T
\ hadronic Vi flavor

/ component

Earth-Skimming (90°, 95°)
contrib. to total evt rate 73%

45

all v flavor

Low zenith (65°,75°)

contrib. to total evt rate: 23%
High zenith (75°,90°):
contrib. to total evt rate: 4%

v identification applied “blindly”
to data: 01/2004 - 12/2012

No candidates found!




Search for photons with Auger

SD events: RaDIUsS OF CURVATURE AND RISE TIME OF THE SIGNAL IN THE SD |
= g — £ 600 —v— ‘
o Ethr:l1o, 20, 40 EeV S 2E  Radius of o = . Data
e Zenith: 30 - 60° £2F curvature 2™ Risetime
(full efficiency range) S ok ' * ~ a00f- ., @ 1000 m
e Principal component analysis £ub " ' B e |
* “a-priori” cut at 50% of photon = ¥, F e L " |
selection efficiency o\ R Y ST T
: °E 7 T e e
> no candidates found ... 2SDobservablescombined| T
The Pierre Auger Coll., Astrop. Phys. 29 (2008) 243 R Ina mumvarlate analySIS [‘ teo1e AT e s seg(e) |
Hybrid events: SD & FD observables
» En: 1,2, 3,5, 10 EeV combined Xmax
» Zenith: O - 60° _— \
» Fisher analysis combining SD and FD information
» a-priori cut at 50% photon efficiency, > 99% bkg
rejection(depending on energy) photon

» FD duty cycle of ~ 10-15%

» 6,0, 0,0, 0 candidates (compatible with bkg) M.S. for the Pierre Auger Coll. ICRC 2011
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Muon def

Inclined Events (60 < 6 < 80)

The Pierre Auger Collaboration,
Phys. Rev. D 91, 032003 (2015)

24+
2.2 —
2.0 o
> 1.81
> |
o 1.6
ﬁ 4 [R—
~
M 1.4 -
™~ i T ==
1.2 o
| @ Auger data
1.0 - - -EPOS LHC
""" QGSJet 11-04

» Muon deficit from 30% to 80%
@ 10'° eV depending on models

ST Fe
....... T Tdata
R, = N
2 NMC
#,19
1019
E/eV

dE/dX [PeV/(glcrm?)]

Rhad
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w
o

20

-
o

Vertical events (0 < 60)

I I I ' Proton Sim ——— | | | PI'CI"O” éim =
Energy: (13.8 +0.7) EeV| Iron Sim ------ ronDSaltrg :
|| Zenith: (565 +0.2)° Q?da;]‘f‘(p) '1 o ek il
) . 2 X =1 3
Xuax (752 9) glom” | ¥2Idof (Fe) =1.21|
I TR 1=
10" 3 3
i i : - \i:.:\'xl?;t:.\.-
| | | | | () 10° | | ! 1 )
200 400 600 800 1000 1200 500 1000 1500 2000
Depth [g/cm2] Radius [m]
2 T T T T T
1.8 | i .
1.6 \ |
1.4 ]
1.2 ; 7
T S — S -
0.8 1 Systematic Uncert. =1 -
06 | | Qll-04p e |
: QIlI-04 Mixed ©)
04| . EPOS-LHCp =
- | ~ EPOS-LHC Mixed m©
0.7 0.8 0.9 1 1.1 1.2 1.3
Re

» hadronic models blah blah blah



Anisotropy at UHE (E> &/ EeV)

Telescope Array

Hot spots hot-spot

- - ' - -
= vy ' s Se
v ’ ' 2 Ssa
o . . A
10 ”’ 2 3 -~
g A . - .. N - L
~_ W , ' - 2 = o
- v - . " - .
...... - ' x Y=t
S | . ' : Y P
. W e _ . M < - -
) _ Ll s -
P ¢ messnn ” SR - - -~ SR
. LR Py, - . -
P \

RRITEP I 000 A f 0 SN Ll

e
-----

Largest excess (4.3 0)

Pierre Auger Observatory Ew > 54 EeV, 0 =12°, (18°from CenA)
Post-trial probability: 69%
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TA Low Energy Extension (TALE)

10 new telescopes to look hiEher in , ,
LE: 10 telescope (field of view 31-59°)

TA
the sky (31-59°) to see shower :
A ) + dense array of 103 scintillators  Infill surface detector
array of more densely

development to much lower energies
packed surface detectors

TALE-SD array
TS 3 (103 SDs, 70km?)

R10wW
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+ . [
w — | 1 rd \
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