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- Atcelerator’s comparison
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Glgantlc energles

The energy ‘of 10 g (rest mass) of the hlghest
‘ energy cosmic rays is the equwalent of 1000
. times the energy of all world's fossil fuel -
‘reserves. ..: . S .

10 2170 N 507 =3.10% /
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1018 Exa- (EJ) 1.4x10"8 ) Yearly electricity consumption of South Korea as of 2009!1461[158] 0
1.4x1019y Yearly electricity consumption in the U.S. as of 2009[1461(159]
1.4x10'9) Yearly electricity production in the U.S. as of 2009!'601(161]

1019 5x1019 J Energy released in 1-day by an average hurricane in producing rain (400 times greater than the wind energy)!'#4]
6.4x1019 J | Yearly electricity consumption of the world as of 2008!1621(163]
6.8x1019J Yearly electricity generation of the world as of 2008!1621(164]

1020 5x1020 J Total world annual energy consumption in 2010[1651(166]
8x1020 J Estimated global uranium resources for generating electricity 2005!"671168][169](170]

s Zeita (Z) 6.9x102'J Estimated energy contained in the world's natural gas reserves as of 2010!165171]
7.9x10%21J Estimated energy contained in the world's petroleum reserves as of 2010[6°172]
1.5x10%2) Total energy from the Sun that strikes the face of the Earth each day!'52I(173]
2.4x10%22 J Estimated energy contained in the world's coal reserves as of 2010[1651[174]

1022 2.9x10%22 ) ' dentified global uranium-238 resources using fast reactor technology!'’]
3.9x1022 Estimated energy contained in the world's fossil fuel reserves as of 20100"651175]
4x10%22 ) Estimated total energy released by the magnitude 9.1-9.3 2004 Indian Ocean earthquakel'’®!

1023 | 2.2x10%3 ) Total global uranium-238 resources using fast reactor technology!'67]
5x1023 J Approximate energy released in the formation of the Chicxulub Crater in the Yucatan Peninsulal'’’]

102 Yotta- (YJ) 5.5x10%4 J Total energy from the Sun that strikes the face of the Earth each year!'52178]

102 ' 6x1025 ) | Energy released by a typical solar flare

1025 1.3x10% Conservative estimate of the energy released by the impact that created the Caloris basin on Mercurylciation needed]
3.8x10%6 Total energy output of the Sun each second!'”?!

1027

1028 3.8x10%8 Kinetic energy of the Moon in its orbit around the Earth (counting only its velocity relative to the Earth)[801[181]

102 2.1x10%9 J Rotational energy of the Earthl821(183][184]

1030 1.8x10%0 J Gravitational binding energy of Mercury

1031 3.3x10%1 J Total energy output of the Sun each day!'7°Il'8]

1032 2x10%2 ) Gravitational binding energy of the Earth!'86]
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The q'uestiené:..

v \What are the'UHECR? b il

d . .~y o . ’
— Light.nuclei?"Heavy nuclei? .
* Do we understand their interactions at all-at those energies???

— Are there neutrinos; photons or neutrons pomtlng back to
" interesting places? A

 ~ Are there exotic UHECR? Monopoles? Minjblack holes? %

A0 Where are UHECR produced? ;
' — ‘Do they come from'the decay of some cosmologlc relic, super
. heavy particles? ¢ - .
— Or are they accelerated in violent places? -

¢ |f so, where are those pIaces? We should see them, and we

x_-don’t!!!! o
— We know that those places must be nearby (<100MPc) because of the GZKeeffect. *




Strutture -> hints about origin .«
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."Su,.per-l?,dw'erfu.l Accelerators.in Nature
| 1E20eV  .° J

Need accelerator of size of Mecury’s orbit to reach

102 &V with current technology
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Int.eracti'ons with the CMB
- Does the spectrum termmate? :
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Propagation Distance (Mpc)

(Allard et al. 2007)



Horizons:

10¥ eV .1 Gpc

100 Mpc ‘

102° eV < 100’ Mpc
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- lfe GZK sphere: 1OOI\/Ipc

p ‘matter dlstrlbutlon is anlsotroplc s

Redshift (V, / c)
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. . The GZK sphere: 1OOMpC. | ,
- matter dlstrlbuthn is anisotropic - .

Redshift (V,, / ¢)
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. . Asthevolumeincredses, =
- .- we-approach isotropy iy

Redshift (V,, / c)
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Large Scale Structure in the Local Universe
Corona Borealis Bootes
Supercluster (0.072) Su?erclust
061) Coma Cluster (0.023)
Virgo Cluster (16 Mpc)
Supercluster (0 037) \
Ursa Major Su;ercluster S Leo Supercluster (0.032)
(9:938) Shapley Concentration (0.048+)
hiuch .
Cluosgellu(((:) 838) Centaurus Cluster (0.02)
Abell 634 £E IRAS dipole
Cluster (0.025) N < :
- CMB dipole .
N
Hydra Cluster
(0.01) <

I .
“ % J Orion Molecular

. 3 v \ .,;5}5;'.
Taurus Molecular 4 : gt ol
Cloud —% ¢ G P Columba
AL 7 Cluster (0.034)
o
Perseus-Pisces 2 s Npearso Ao A o A g N, A Norma &
Supercluster (0.017+) M31 o S e T NN T, e Bt B S A Grea(%/})tgrg)ctor
(1 Mpc) I B gy SR SERNGAWY ] P A - LMC G
& Plslcess{Cetgso - o 2 » Horo.lo iumFomax Cluster (20 Mpc)
uperciuster 8
P ( ) Mi(l:kYtWaY Pavo-Indus Supercluster (0.067)
enter Supercluster (0.015)
Sculptor Supercluster (0.054)
Legend: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift)
Graphic created by T. Jarrett (IPAC/Caltech)
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The magnetic fields of our galaxy, the
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Milky Way

The main magnetic field
structure lies in the plane of
the disc and follows the
spiral arms.

< Thered arrows are in the opposite
direction to the black ones—i.e. the
magnetic field is reversed.

< Thereis also a toroidaland a
poloidal magnetic field {(not shown)

magnetic field of
M51 galaxy
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An Air Shower )




An Air Shower s

=

A cosmic ray enters
the atmosphere




An Air Shower e

=

A cosmic ray enters
the atmosphere




Its energy, composition, and
arrival direction are the inputs
to solve puzzle about their

origin




Its energy, composition, and
arrival direction are the inputs
to solve puzzle about their

origin




Beam for particle physics
beyond LHC for free




Beam for particle physics
beyond LHC for free




Electrons
Photons
Muons

protons

Ultra-High Energy interaction.
Cascade start-up




Electrons
Photons
Muons

protons

2nd and 3rd generation.
Leading baryons still carrying S
very high energy.



Electrons
Photons
Muons

/

protons

The orignal information
information is being camouflaged
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Air Showers: the = _

Primary:

H.adron . englne . x

Muons are the smoking gun of the
hadronic shower which is the real
____backbone of the whole shower.

fy: - ' n° decays are smoking canyons 28

The bulk of radiated and
visible energy comes
the EM=ascade .
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‘Extensive Air Shower

' Shower has two

experlmentally different parts

— The Core, size of a few m, ,
particle density of 10”9
. particles/m2.

* Interation of particle with the .
atmosphere produees
radiatiogtrhough different
mechanisms:* Radio emission -
at MHz (Cerenkov &
Géosmcr’otron) Microwaves
, GHz (Molecular”

* Brergstrahlung), UV Cerenkoy,
UV-fluorescence. .

— The shower pgicake: size up
5 km in traverse distance.
Density varies from,1
particle/m2, to 1079 at the
core. At 1000 m typical
density of the order of 10-
1000 particles/m?2.
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The‘ Plerre Auger
Observatory

. " :
e * Malargiie. Mendoza
e _ Latitude 355~ Longltude 69 W
«  1400m a.s.l. X=870 gem?’

vile Data taking since 2004

~ 60 km

vl Installation completed in 2008 e
o . . . ‘e )
Surface Detector (SD) : ‘e Fluorescence Detector ()
1600 Cherenkov stations spaced 1.5 km . 4 building with 6 telescopes each .
Area of 30Q0 km2 | Telescope f.0.v. 30'x 30 deg

100% duty C ' ~10% duty cycle’
Prowfl%\s Larg : Provides High Accuracy
azon

Bl
ments: AMIGASMSSSSSSSsat.
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PIERRE
AUGER s

OBSERVATORY

Surface Detector (SD)
1600 water Cherenkov tanks
Area of 3000 km?

PMT H |

Diffusive tyvek

Hybrid detector

elevation [deg]

Fluorescence
Light

Secondary
Particles

Fluorescence Detector (FD)
4 building with 6
telescopes each

Telescope f.0.v. 30 x 30 deg

FADC trace

FADC trace

"
120 15 110 105 100

Mmospheric deph [gem

-
VEM

L [25ns)

bin



o ,'A'Uge'r results at a glance

Photons and Neutrmos :
Anlsotroples
Composmon '

Spectrum . .
Combmed fit. I\/Iodels

34
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mmm W |ceCube 2013 (x 1/3)
e Auger (2013)

snmin ANITA-I1 2010 (x 1/3)
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GZK p (Gelmini '08)  mww== SHDM
B GZK p (Kampert "12) ===- SHDM'
GZK Fe (Kampert "12) w= TD

e HP —= 7B

; SD 2015
(preliminary

Photon ‘& neutrino

HDER

Observatlons dlsfavour most

of the exotic decay
scenarios to produce
UHECR and favour
acceleration’in
astrophysical ‘stenarios’

| JThey are reaching the

guaranteed cOsmogemc
fluxes

“No point sources
- No events associated with

interesting objectss
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~ 'Multimessenger P.h.'ysics

Bingry Neutron
StarMerger °
(GW170817) - .
. Event was, in the
Auger field of
o view | 3
No heutr#nos
“detected

: -+ Observations of 3.

36



. Anisotropy : . 

560 raw significance

| o
5.2 o.significance after
penalizations for E-bin
scanning -

n
2
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N
©
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Z

Need to double'statistics to

data E>8 EeV +——+—— asses if it is a pure dipole or if

o first harmonic highér harmonics exist.

360 300 240 180 120 . ¢ . N

Right Ascension [deg] : . .

Table 1. First harmonic in right ascension. Data are from the Rayleigh analysis of the first

harmonic in right ascension for the two energy bins. .
o

Energy Number Fourier Fourier Amplitude Phase Probability

(EeV) ofevents coefficienta, coefficient b, ry 9, (°) P(zr,)

4 to8 81701 0.001 £0.005 0.005%0.005 0.005 *§88% 80 + 60 : s

32,187 -0.008+0.008 0.046+0.008 0.047 *39%% 100 £ 10 26 x1078
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- " 3D"rientation of the,dipole

Table 2. Three-dimensional dipole reconstruction. Directions of dipole components are shown in
equatorial coordinates.

Energy Dipole Dipole Dipole Dipole Dipole right
componentd, componentd, amplituded declination 4 (°) ascension a4 (°)

~0.024 + 0.009 0.006+5:9%% 0.025739%9
-0.026 + 0.015 0.060+38 0.0657988% L 100 £ 10

MAYS Y T S e, ™




Extragalactlc matter

‘s ~G5 deg away from the 2MRS dlpole '

e |f mcludmg effects of Galactic I\/Iagnetlc
" Field for E/Z=2 EeV and E/Z*SEeV
agreement |mproves N e

39



Yo -

Interpretation.

If EeV sou’rc‘es are Galactic:(short GR’B or Hyper-.°'

Novae), they’d follow the Milky way mass
distribution (d|sc+GaIact|c Cehter)

>

.Anlsotroples are better explamed if sources'are

xtragalactlc ; . .

40



Interpretation.,

. Pure known dipoles excluded: e '

— Pecular motion induces Compton Gettmg effect dlpole
in UHECR: onlv06% amplltude '

'.-_ Matter dlstr-lbutlon T

—Dommant few sources+d|fu55|on in IGMF'? .

—~ Anlsotroplc extended source dlstrllqutlon?

Loc lg oup
rall CMB

12.0 j: 0.9%
2MASS 10.4+04% 5 ‘
WISE-2MASS 5+1% 310° 50 50 41
NVSS 2.7+0.5% 0 0




H,in'ts at the highest energies

Observed Excess Map - E > 60 EeV Observed Excess Map - E > 39 EeV

# events per beam

£
@
3
a
g
2
c
o
>
[
I*

AGN:
Cen A:
Swift-BAT:

# events per beam

uNGC1068 .
Beam size s =00 © Beam size
N = 15 N, =40

NGC1068
Beam size -
Ny, = 15

Fermi-LAT gamma ray sources:
E>58 EeV, 15 deg. AGN: E>60 EeV, 7 deg. 2.60
E>62 EeV, 16 deg. Starbust Galaxies E>39 EeV, 13 deg, 4o

Beam size
N, = 40

# events per beam
I



(X a0 [0/CM]

.. Composition: -

" (Depth of EM cascade):

Auger FD ICRC17 (prel.) = stat. P
Auger SD ICRC17 (prel.) = stat .-~
+ 8ys.

High Metalicity of UHECR (high
abundance of A>2 elements)

— EPOS-LHC
--- Sibyli2.3
- QGSJetll-04

proton | |

43
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. - GlobahitT AT T

(Simple) Model of UHECR to réproduce the Auger spectrum and Xmax distributions at the same time
Homogeneous distribution of ic.jentical sources accelerating p, He, N and Fe nuclei.

KN ™ sresa

ey

19.5 20
log o E/eV)

- °
Rigidity-dependent cutoff at | _ | e
SOUI'CCI Emax — Rcut Z, power ‘law Source pjopcmes 4D w:l:FGMF 4D r::EE‘GMF 10 n: ::SHF ; ]0}__‘ ]: .“ F/eV )

00,01 RemicV) 18,08 18.48 1862




E-spectrum

E /eV

10

Expected for pure proton

® Auger (ICRC 2017

17.5 18.0




.« Conclusions (1]

1. All-particle spectrurﬁ: ynquestionable existence of a flux

suppressiOn aboye = 40 EeV (GZK- reminiscent)
2 Trend towards a heawer composmon at the hlghest energies

(from Xmax data, very.few data above 40 EeV). Spectrum and

Xmax data together favors the scenario where the suppressmn is”
a seurge effect. NEED FOR ‘MASS COMPOSITION DATA IN THE

" SUPPRESSION REGION - ACCESSED BY THE SURFACE DETECTOR

3. Strmgent photon limits strongly disfavor exotie sources:
astrophysical sources expected. " * =

4. But a high degree of (smaII—s'éaIe) isotropy observed, L
\ch'allenging the original expectation of few sources and Iight "

47



We must use air shower simulations performed '
with ngh Energy Hadronic Models extrapolated
.beyond the LHC tp mterpret our data

»
.

post LHC

Models spread :
extrapolatf)ns has been
reduged after LHC
measumrements: There are
still differences among
models. ' )
Extrapolations veniure out
orders of magnitude out of
the confort zones "

48




_______________________________________

Modelé s'how contradictions in the
“interpretation of Xrhax '

EPOS-LHC (Mean of In A)

QGSJetlI-04 (Mean of In A)

______________________________________

P Lag=t]
-Hgi bt
- e ’+u -
TN
|:x'- l.\.i 3 0
log..[E/eV)

EPOS-LHC (Variance of Ina)

..........................................

-

Xmax distributions
are not well

* predicted by some

models..Leading to
unphysical results,
(QGSJetll-04)
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-32 -30 -28 -26 -24 -22 .20 -18

y(r‘,“ AI|1.

-16 -14
x [km)])

Example of p , 1, for proton showers at 8=80°, ¢=0"and core at (x,y) = (0,0}

" *Inclined hybrid events

¢« 62<0<80 deg

Fit the muon density in stations

Pu= N19pﬂ,19(xa y)

. Where N4 free parameter

~ Andp, 14 (xy) is fixed, corresponding to
+ + proton QGSJetll-03 at 10%° eV

Ratio of the total number of muons N, to
N, 15 (proton QGSJetll-03 at 10*° eV)

R,=N,/N,

Correspondence (<5% bias correction)

50



" " .Rmu-E plot: resU]_ts -

.

PHYSICAL REVIEW D 91, 032003 (2015) N \ E/A\P

1 1 1 1

107 __ Fit; (R,) = a(E/10%eV)?
¢ 174 Auger hybrid events
stdev (.20 + 0.01
L‘;_'
1- . L

++ +++ _

|
¥ | b4

evenls

f

(R,)/(E/10%% eV)

-]
|| === Eros LHC
e QGSJET 11-04

A A A A

Auger data

1019 1020
E/eV

1019 1029
E/eV

a = (R,)(10" eV) = (1.841 +0.029 + 0.324(sys)),

b=d(lnR,)/dInE = (1.029 & 0.024 & 0.030(sys) ).

RN



o Epos LHC E=10"YeV,0 = 67°

o QGSJET 11-04

& QGSJET 11-03

v QGSJETO]

QG5 [ o ] Auger
data

680 700 720 740 760 780 800 820

L. Cazon
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Muon production depth -

-

Muon Productlon Dapth proflle cam be estlmated from the muon arrlva1 times distributions

Two assumptlons ¢ | 4
4 Muons are produced in the shower axis -, .o, ' ' s .

¢ Muons travel following straight lines

Example of a real event
with: E = (33 + 1) EeV

Z1st
.4*
*" muon production

point

dN /dX [a.u.]

|= r2a(z-A)°

! SD station

1000 1200

X" [g/em?]



data set:~'0.1/2004 —~12/2012

E>1e19.3eV |

zenith angles [55°,65°]
. . o . -

" Core distances ['1700,m, 4000 m]
(more muons./event) : .8

o . .
Epos-LHC 481 events a.fter quality cuts -

_ QGSJetll-04

syst: 17 g/cm?2 ’
2107 3x10”  Epey) Event by event resolution:
100 (80) g/cm2 at 1e19.3 eV for p (Fe) .
50 g/cm2 at 1e20 eV




(nA)

R Cbmpé‘ti.bility between Xr;,a

I
8- = Xmax
4= A Xmax
L QGSJetll-04
5_ - ™
Fe n"+_+
4
3 "++_ B
$ -
2 @ i
] Hﬂnginf‘} -
REE, .eDliEnEl
OuuuAéAA:“uu P
Ill Hl 1 lII llll
10" o> 10%°
E [eV]

N

-—

(InA)

and X¥, ., -

X

| Epos-LHC i RO
[ $."
Fe 2
[ - &
= ”'j'zn* i
T ,nnﬂxzef“é“}
_“th:Aﬁﬁeu“
) P
III IIlI IIII
10‘18 1019 1020
E [eV]

a2 QGSJetll-04: compatible values within 1.5 o
\ LHC: incompatibility at a level of at least 6 o




Indebendeht confirmation with

vertical hybrids’

Proton Sim

Energy: (13.8 +0.7) Ee Iron Sim
Data —e—

Zenith: ( 56.5 < 0.2 AR
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: «-/dof (Fe) = 1.21
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" Indentifying the discrepancy

Stesc | RE. Rnaa )i j = ReSemiij + Ruaa REShad.i j-

* R;: Energy rescaling. Rescales EM and
nadronic components

~* R, .4 Hadronic rescaling: rescales muons,
EM muon halo, EM from Had.Jets.

* Find R; &R, _,for best overall fit

resc

Likelihood = HZPJ- (Xmax,i) Gaus\S (RE9Rl1ad)i,j - SlOOO,i
I

L. Cazon 57/
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«The observed muon signal is a factor
1.3 to 1.6 larget than predlcted by .«
Systematic Uncert. ——— models

» ® ° K
Ql-04p e : : - a
QlI-04 Mixed o . - ! '
EPOS-LHCp = * Smallest discrepancy for EPOS-LHC
POS-LHC Mixed O
with mlxed composition, at the level of -

190 . . :

Model Ry

QI-04 p 1.09 £+ 0.08 = 0.09 1.59 +0.17 £ 0.09
Q-4 mixed 1.00 = 0.08 £0.11 1.61 £0.18 £ 0.11 ’

EPOS p 1.04 = 0.08 = 0.08 1.45+0.16 = 0.08
EPOS mixed 1.00 £0.07 £0.08 1.33+0.13 £+ 0.09



Conclusions I,
. Auger is completlng a comprehensive plcture of the astrophy5|cal sources

* of the UHECR « | . o

—~ Needs SD (hlgh stats)emass sensitive parameters to asses the mass at the
highest energies, and‘to separate primaries (Charged Rarticle Astronomy)

* High Energy Hadronic Models do ngt describe well data above the 100 Tev

scale:

. — Existence of new.phenomen-a or
— Simply fine tunning ' v,
. 4 : ' . : -

. Auger ‘Upgrades and enhancement§ increase the sensitivity to the
' different shower components to attack and p055|bly close the above
.questions: , .

— AugerPrime i .

— AMIGA ' . . :
~— Radio ' . : .

— MARTAEA » .
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- Validation of ;c_an'k simula'ti_'c')ns witha .
o  Muon Telescope
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rigidity-dependent cutoff at source: £, .. = I, 7, power law injection £
propagation with CRPropa3, Gilmore12 EBL, Dolagi12 LSS

no EGMF with EGMF
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Cambined Pt ef Spackiuim ant Ko DISTFaUHons
rigidity-dependent cutoff at source: £, ., = I, Z, power law injaction £,
propagation with CRPropa3, Gilmore12 EBL, Dolagl12 LSS

no EGMF with EGMF
e
=~ e =AM TEAL) BEASH LTI T 1< A< e dem ’“!
. A" < i< AR - ,‘.. < AED 4‘-',“ LR |
? ""r ,:lhl"'ll'vlh.o L vwier 14
{ 'l‘.‘...'.. ...... 0-000.‘ .‘.‘.,...‘-‘-_.,.00.'&0". !
. - o . P - - |

;'J-,,,-.[ < Source properties 4D with EGMF 4D no EGMF 1D no EGMF ”;'

e v 1.61 0.61 os7 I 3
S y o
Aol 109, Ruei V) 18.88 16.48 18.62 l
f 3% 11 % e% | o
i e e - "
<P = . 2% 14 % 0% i

.L." - I 74 % 68 % 88 % —=5

" ﬁi.:_,_r ke 21 % 7% 12 % |




